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The objective of this study is to investigate and quantitatively 
characterize the wicking phenomenon of liquid on ordered silicon 
nanostructures fabricated by the interference lithography and metal-assisted 
etching techniques.  
 
This thesis firstly presents a theoretical study and an experimental 
validation of the wicking dynamics in a regular silicon nanopillar surface. Due 
to the small scale of the dimensions of interest, we found that the influence of 
gravitational force was negligible. The forces acting on the body of the liquid 
were identified to be the capillary force, the viscous force, and skin friction 
due to the existence of nanostructures on the surface. By approximating one 
nanopillar primitive cell as a cell of nanochannel, the Navier-Stokes equations 
for dynamics of wicking were simplified and could be solved. The wicking 
dynamics were expressed fully without use of empirical values. The 
enhancement factor of viscous loss, β, due to the presence of the nanopillars 
was found to depend on the ratio of h/w, where w was the width of the channel 
used to approximate the wicking and h was the height of the nanopillar. The 
theoretical values for β were found to fit well with the experimental data and 
published results from other research groups.  
 
Secondly, the dependence of wicking dynamics on the geometry of 
nanostructures was investigated through experiments of wicking in anisotropic 





energy through viscous and form drags. While viscous drag was present for 
every form of nanostructure geometry (i.e. nanopillars), form drag was only 
associated with nanostructure geometries that have flat planes normal to the 
wicking direction. It was also discovered that the viscous dissipation for a unit 
cell of nanofin could be effectively approximated with a nanochannel of 
equivalent height and length that contains the same volume of liquid. The 
energy dissipated by the form drag per unit cell of nanofin was proportional to 
the volume of the fluid between the flat planes of the nanofins and the driving 
capillary pressure. With these findings, we were able to establish the 
dependence of the drag enhancement factor β on the geometrical parameters of 
the nanostructures. This is important as it provides a precise method for 
adjusting β, and therefore wicking velocity, for a given direction on a surface 
by means of nanostructure geometry. 
 
Finally, the initial stage of wetting where the speed of liquid spreading 
was much faster than the speed of wicking, was studied. It was found that the 
surface tensions were the predominant driving force. During this initial stage 
of wetting, the skin friction proved to be significant in determining the 
spreading distance of the liquid bulk. The average energy dissipation per unit 
area at the cross-over time was calculated for nanopillar samples of various 
dimensions. This was believed to be an intrinsic property of the combination 
of the solid and wetting liquid materials. Based on this, the spreading diameter 
of the liquid bulk could be estimated. 




LIST OF TABLES 
 
Table 4.1 Dimensions of silicon nanopillar samples fabricated by the IL-
MACE method. Crucial parameters such as surface roughness r, pillars 
fraction s and the critical contact angles θc were calculated. .......................... 80 
Table 5.1 Geometrical parameters of nanofins used in this study where h 
refers to the height of the nanofins, and definitions of p, q, m and n can be 
found in Figure 5.4. Important parameters such as the pillar fraction (s) and 
the surface roughness (r) were shown. ............................................................ 99 
Table 6.1 Dimensions of silicon nanopillars fabricated by the IL-MACE 
method. Crucial parameters such as diameter, height, and period of the 
nanopillars are shown. The surface roughness r and solid fraction s were also 
calculated. ...................................................................................................... 120 
Table 6.2 The volumes of the liquid contained in the pillars Vfilm are 
calculated as a percentage of the original droplet volume Vdrop  for different 
samples at cross-over time tc. ......................................................................... 130 
Table 6.3 Identification of energy components prior to droplet touches the 
solid surface and at cross-over time tc. .......................................................... 132 
Table 6.4 Energy components of the system before dispensing and at cross-
over time. Here h stands for the nanopillar height. Epot is the potential energy, 
ELV, ESL, ESV are the interfacial energy of liquid - vapor, solid-liquid and solid-
vapor interfaces, respectively. ........................................................................ 135 
Table 6.5 Energy dissipation per unit area calculated for different drop sizes.
........................................................................................................................ 139 
  




LIST OF FIGURES 
 
Figure 1.1 Water rise in a capillary tube in a downward gravity field. ............ 2 
Figure 1.2 Examples of surface tensions. (a) A paperclip floats on the water 
surface despite its higher density. (b) A spider stands on the water surface. .... 3 
Figure 1.3 Difference between (a) Spreading and (b) Wicking of liquid on a 
solid surface. (c) Example of wicking of an ethanol drop on a horizontal 
silicon wafer.
1
 .................................................................................................... 5 
Figure 2.1 A liquid droplet rests on a flat solid surface. The equilibrium 
contact angle, θ, is the angle formed by a liquid at the three phase boundary 
where the liquid, vapor, and solid phases intersect. ......................................... 14 
Figure 2.2 Flow of liquid through a cylindrical pipe. ..................................... 15 
Figure 2.3 Capillary rise in a circular tube of arbitrary shape.
7
 ...................... 16 
Figure 2.4 Metal surfaces treated by femto-second laser shows (a) the parallel 
micro-grooves and (b-d) the unintentionally created nanostructures inside.
29
 21 
Figure 2.5 (a) Top-view and (b) side-view of silicon nanowires fabricated by 
the glancing angle deposition technique.
31
 ...................................................... 21 
Figure 2.6 Various arrays of nanotubes on glass fabricated by the anodic 
oxidation technique.
32
 ...................................................................................... 22 
Figure 2.7 Photographs showing methanol running uphill on a vertically 
standing platinum sample.
29
 ............................................................................. 22 
Figure 2.8 Plot  of  the  experimental  results  of the spreading  distance z 
versus  the square  root  of  time  t
1/2
  of different materials being treated by a 
nano-second laser. 
30
 ........................................................................................ 23 
Figure 2.9 Examples of micropillar structures fabricated for wicking study by 
(a) inductively coupled plasma etching
36
 and (b) micro-imprinting.
37
 The latter 
structure was utilized in Bico et al.
9’s study. ................................................... 24 
Figure 2.10 Variation of the contact line and precursor rim diameters with 
respect to time. In Stage I, both the contact line and precursor rim expand at 
the same velocity, D ~ t. However, in Stage II, the contact line stops 
expanding, and the precursor rim continues to expand at a lower velocity than 




 ............................................................................................. 30 
Figure 2.11 Variation of the spreading distance with respect to time. (a)  
shows  the  characteristics  of  the  starting  stage  where the  spreading  
distance  increases  with  time  very  quickly,  while  in  the  following  stage  
the  spreading  distance  increases  slowly. (b) shows  the  inﬂuence  of  the  
initial  spreading  time  t0,  where  clearly  once t  >  t0,  the  slopes  of  these  
lines  are  almost  similar  to  each  other.
30
 ..................................................... 31 
Figure 2.12 Illustration of Bico’s theory on the effective contact angle θ*.9 . 31 
Figure 2.13 Qualitative behaviors of fluid flow over a cylinder depend on 
different Reynolds number. ............................................................................. 35 




Figure 3.1 Experimental setup for Lloyd’s Mirror Interference Lithography. 
The He-Cd laser beam is directed at the spatial filter and either reaches the 
sample surface directly (the solid arrow) or reflects off the mirror before 
reaching the sample surface (the dotted arrow). Periodic fringes are produced 
based on the principle of constructive and destructive waves. ........................ 47 
Figure 3.2 Schematic drawing of a typical Thermal Evaporator. ................... 50 
Figure 3.3 Before etching, the samples went through the lift-off process to 
transfer the negative image of the photoresist to the metal film. ..................... 51 
Figure 3.4 (a) Schematic drawing of the two stages of the metal-assisted 
chemical etching process. The location of the metal catalyst determines the 
regularity of the nanostructures. (b) Precipated Ag particles produced a forest 
of randomly located nanowires.
7
 (c) Regular array of nanowires was obtained 
with carefully designed Au particles by means of photolithography. 
8
 ........... 53 
Figure 3.5 Schematic diagram of the Scanning Electron Microscopy. ........... 56 
Figure 3.6 Interaction between primary electrons and the sample surface 
generates backscattered electrons, secondary electrons, Auger electrons and 
X-rays. .............................................................................................................. 57 
Figure 3.7 The setup of a contact angle measurement experiment. The VCA 
Optima system consists of a stage, a volume control syringe/needle and a CCD 
camera. ............................................................................................................. 58 
Figure 3.8 Illustration of the high-speed camera experiment. A nanostructured 
sample was placed vertically on a flat surface and a droplet was delivered to 
the bottom of the sample. The whole wicking action was captured by the 
camera. ............................................................................................................. 59 
Figure 4.1 (a) Schematic diagram of the process flow to fabricate Si 
nanopillars using the IL-MACE method, (b) SEM images of Si nanopillars at a 
height of (i) ~2 μm, (ii) ~4 μm and (iii) ~7 μm, respectively. The insets are 
top-view SEM images of the respective samples. All samples in Figure 1(b) 
have the same period of 1µm. .......................................................................... 65 
Figure 4.2 Approximating a unit cell (indicated by dashed black rectangle) of 
nanopillars as a unit cell of nanochannels that holds the same volume of liquid. 
(a) shows the top view of a unit cell of nanopillars while (b) and (c) show the 
top view and side view of a nanochannel. The yellow regions indicate the top 
of the nanostructures at y = h, which remain dry throughout the wicking 
process, while the violet regions indicate the bottom regions at y = 0. Flow of 
fluid is in the z-direction in all cases. ............................................................... 67 
Figure 4.3 Simulation of flow inside (a) an array of nanopillars and (b) a 
nanochannel. The color bar represents the magnitude of velocity where blue 
stands for zero velocity (stagnant flow) and red means maximum velocity. The 
red arrows indicate the flow direction. The parameters used in the simulation 
are: d = 0.3 µm, s = 0.7 µm, h = 4 µm and w = 0.93 µm. Similar results were 
obtained by varying h from 1 to 7 µm. ............................................................ 69 
Figure 4.5 Boundary conditions for wicking flow on silicon nanopillars 
surface. ............................................................................................................. 74 




Figure 4.6 Contact angle of (a) water and (b) silicone oil estimated using a 
contact angle goniometer ................................................................................. 79 
Figure 4.7 Snapshots of the wicking process of silicone oil on silicon 
nanopillars surface (Sample B). The red dotted line marks the liquid front. ... 81 
Figure 4.8 Plot of distance travelled by the wetting front against the square 
root of time for nanopillars with silicone oil (γ = 3.399×10-2 N/m, µ = 
3.94×10
-2
 Pas, θoil = 18
o
). ................................................................................. 82 
Figure 4.9 Experimental and calculated values of β. Data points for β (silicone 
oil) and β (water) are obtained with silicone oil and water respectively. 
Calculation based on our method is represented by a solid line. Also shown in 
this figure are the calculated β values of our samples based on the models of 
Zhang et al.
20
 and Ishino et al.
4
........................................................................ 83 
Figure 4.10 Comparison of β values obtained by our methods and others for 
the micropillars experiment presented in Ishino et al.’s paper. Experimental 
and theoretical values are plotted as points and lines respectively. Our model 
is represented by a solid blue line. Five different test liquids (γ = 2×10-2 N/m) 
were used and their respective viscosities are given in the legend. d = 2 μm 
and s = 8 μm remained constant for all experiments. ...................................... 85 
Figure 5.1 Different patterns can be achieved by utilizing multiple exposure 
method. For instance, a double exposure of 90
o 
(a) will create nanopillar 
structures after further processing (developing and etching). A double 
exposure of less than 90
o 
(b) will create nanofin structures. ............................ 95 
Figure 5.2 Photoresist (denoted by the black color dots) remaining after (a) a 
single exposure, (b) a double exposure of 90
o
 and (c) a double exposure of less 
than 90
o
. The white areas represent the silicon surface. To study wicking in 
nanofin structures, the sample is tilted so that the nanofins’ major axis stands 
either vertically along the z-axis direction  (z (normal)) like illustrated in (d), 
or horizontally (z (parallel)). Photo in (e) shows a representative sample tilted 
for z (normal) setup. SEM image in (f) shows that the fins’ major axis is 
indeed along the z-axis direction...................................................................... 96 
Figure 5.3 SEM pictures of nanofin samples A - K used for this study tilted at 
35
o
 angle. Insets show top view of nanofins. Each scale bar represents 2μm. 98 
Figure 5.4 Schematic diagram (top-view) of the nanofin structures. The area 
of the dark blue region is given by A and the mean velocity of the fluid in this 
area is assumed to be zero when wicking occurs in z (normal) direction. Note 
also that p' << p for all our samples. The dotted line demarcates a unit cell of 
the nanofins. ................................................................................................... 100 
Figure 5.5 Snapshots of the wicking process of silicone oil on representative 
silicon nanofins surface. The sample is slightly tilted to examine wicking in z 
(normal) direction. The red dotted line marks the liquid front. ..................... 100 
Figure 5.6 Representative z vs. t
1/2
 plots obtained experimentally for wicking 
of silicone oil on a single sample surface. Best fit lines were drawn through 
the data points. ............................................................................................... 102 
Figure 5.7 Plot of A vs. pn where A, p and n are structural parameters of the 
nanofin structure and are illustrated in Figure 5.4. The best fit line drawn 




through the data points has a gradient value of 0.912 and passes through the 
origin. ............................................................................................................. 109 
Figure 5.8 Experimental values of (1 – f) β vs. h/w where f represents the 
fraction of fluid that is stagnant, β is the drag enhancement factor, h and w are 
the height and width of the nanochannel used to appromixate the flow, 
respectively. Note that f = 0 for wicking in z (parallel) direction. ................ 110 
Figure 5.9 Plot of β (parallel)/ β (normal) vs. (1-f)(wn/wp)
2
. β (parallel) > β 
(normal) in the orange region and β (parallel) < β (normal) in the smaller 
green region. No data points were expected to reside in the white regions. 
Only data from samples with h/w > 2 for both z (normal) and z (parallel) were 
used in this plot. ............................................................................................. 112 
Figure 6.1 Experimental setup for the spreading experiments of liquid on 
nanostructure surfaces. The samples were put on a horizontal surface. The 
microbalance serves to determine the amount of liquid dispensed. ............... 118 
Figure 6.2 Water droplet of 1 µl forms a perfect sphere on the tip of the 
pipette. ............................................................................................................ 119 
Figure 6.3 Illustration of the liquid bulk and  the thin film spreading on a 
silicon nanopillar surface. .............................................................................. 121 
Figure 6.4 (a) A 1µl water droplet on a flat silicon surface resulted in a 
spherical cap shape; and (b) Schematic diagram of a spherical cap with 
dimensional parameters. R is the radius of the spherical cap. H is the height of 
the droplet. Dbulk and Dfilm is the spreading diameter of the liquid bulk and the 
thin film, respectively. ym denotes the center of gravity for the droplet. And θ 
is the contact angle. ........................................................................................ 122 
Figure 6.6 The separation of liquid bulk and thin film spreadings as seen at t > 
tc. .................................................................................................................... 125 
Figure 6.7 Spreading distances of the liquid bulk and the thin film versus the 
square root of time. The spreading and wicking regimes are clearly shown. 
The spreading diameter Dc and the cross over time tc were identified........... 126 
Figure 6.9 Illustration of different contact angles at cross-over time for (a) a 
tall pillar sample and (b) a short pillar sample. It can be seen that θtall > θshort.
........................................................................................................................ 131 
Figure 6.10 Illustration of two energy states: (a) before the droplet touches the 
solid surface and (b) at tc. ............................................................................... 131 
Figure 6.11 Total energy dissipation per unit area for different pillar heights.
........................................................................................................................ 136 
Figure 6.12 Comparison of the spherical cap shape (represented by the solid 
line) and the real drop shape when spreading diameter is large. Picture taken 
from Harth et al.
1
 ........................................................................................... 137 
Figure 6.13 Spreading distance of the thin film diameter versus time for 
different drop volumes of (a) Sample F (height of 4.18 µm) and (b) Sample H 
(height of 5.39 µm). ....................................................................................... 138 
Figure 6.14 Plot of cross-over time versus nanopillar heights for various drop 
sizes. The red line represents the average value of 10 milliseconds. ............. 140 




Figure 6.15 Theory and experimental spreading diameter at cross-over time 
for nanopillars samples of different heights. .................................................. 143 
Figure A1 Plot of E versus (a) m when n = 0 and (b) n when m = 0. Width (w) 
and height (h) of the nanochannel are fixed at 1µm and 2 µm respectively. . 152 




LIST OF SYMBOLS 
 
SEM Scanning Electron Microscopy 
IL Interference Lithography 
MACE Metal-Assisted Chemical Etching 
oC Degree Celsius 
Ω electrical resistance 
λ  wavelength of the laser source (nm) 
c  capillary length (m) 
  mass density (kg/m3) 
θ intrinsic contact angle the liquid makes with a flat solid surface 
θc critical contact angle (0° ≤ θc ≤ 90°) or the maximum contact 
angle that wicking occur 
 
γ surface tension (N/m) 
γSV, γSL, γLV surface tension at solid-vapor, solid-liquid, liquid-vapor 
respectively 
 
µ viscosity (Pas) 
β viscous enhancement factor 
r roughness of the textured surface (ratio of the actual surface area 
to projected area) 
 
s fraction of area of the solid tops, i.e. ratio of the area of the top of the 
nanostructure (which was assumed to remain dry) to the projected area 
 
h height of the nanostructures 
z distance of wicking 
V mean velocity  (V= dz/dt) 
t time after the start of wicking (s) 
ΔP driving capillary pressure 
 
Chapter 1                                                                                         Introduction 
-1- 
 






Around 450 B.C., the Greek philosopher Empedocles proposed that 
human being needed only two fundamental forces to account for all natural 
phenomena. One was Love, and the other was Hate. The former brought 
things together while the latter caused them to part.  
As nonsensical as it may sound to modern scientists, Empedocles’s 
philosophy embodied a pivotal understanding: every phenomenon that 
happened is the result of the continuous interactions of various basic forces, 
which are either attractive or repulsive in nature.
a
 One of these forces – the 
gravitational force when acting together with intermolecular forces (surface 
tension) determines a class of phenomena known as capillary action (or 
capillarity).  
Phenomena governed by capillarity pervade all facets of our daily life. 
The term ‘capillary’, adapted from the Latin word ‘capillus’ for hair, was 
                                                 
a
 Until recently, the four basic forces were identified to either act in the nuclear level (known 
as Strong and Weak force) or act between atoms and molecules (known as Electromagnetic 
and Gravitational interactions).   
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applied to the phenomenon since it was firstly observed to give rise to water 
inside tubes with very fine openings (Figure 1.1). Clarification of the behavior 
became one of the major problems challenging the scientific world of the 
eighteenth century.  
 
 
Figure 1.1 Water rise in a capillary tube in a downward gravity field. 
 
Surface tension is an effect of liquid intermolecular attraction 
(adhesive and cohesive forces), in which molecules at or near the surface 
undergo a net attraction to the rest of the fluid, and molecules farther away 
from the surface are attracted to other molecules equally in all directions and 
undergo no net attraction. Surface tension plays an important role in the way 
liquids behave. By carefully placing a paperclip on a glass of water, the clip 
does not sink even though it is denser than water (Figure 1.2(a)). This is 
because the water molecules at the surface stick together and behave like an 
elastic film that supports the weight of the paperclip. Nature has used surface 
tension to develop several ingenious designs for insect propulsion, water 
collection and capillary adhesion. One example is the water spiders which can 
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run across the surface of water (Fig 1.2(b)). Their hairy legs prevent water 
from wetting them. Instead of penetrating the surface and sinking, their feet 







Figure 1.2 Examples of surface tensions. (a) A paperclip floats on the water 
surface despite its higher density. (b) A spider stands on the water surface. 
(a) 
(b) 





Capillarity (or capillary action) is the direct consequence of surface 
tension. When a narrow glass circular-cylindrical tube is dipped vertically into 
water (Figure1.1), the liquid creeps up the inside of the tube as a result of 
attraction forces between the liquid molecules (cohesive force) and between 
the liquid and the inner walls of the tube (adhesive force). These phenomenon 
stops once these forces are balanced by the weight of the liquid.  
 
Wicking, on the other hand, is the absorption of a liquid by a material 
through capillary action. For instance, small pores inside paper towels act as 
small capillaries that allow a fluid to be transferred from a surface to the 
towel.  This behavior is similar to the manner of a candle wick, hence the term 
wicking.  These common occurrences are all governed by the physics at the 
interface where the liquid, gas and solid phases meet. In other words they are 
dictated by the surface tension and the liquid-solid wettability. 
Despite the similarity between spreading and wicking, there is a clear 
distinction between them which is illustrated in Figure 1.3. The spreading of 
liquid indicates the movement of the drop contact line until it reaches an 
equilibrium state governed by the Young’s law which will be introduced later 
in Chapter 2 (Figure 1.3(a)). On the contrary, wicking is characterized by the 
extension of a thin film of liquid ahead of the drop (Figure 1.3(b)). A real 
example of wicking of an ethanol drop on a horizontal silicon wafer is shown 
in Figure 1.3(c). 
 
 





Figure 1.3 Difference between (a) Spreading and (b) Wicking of liquid on a 









The wicking of fluids on micro-/nano-textured surfaces is a subject 
that has received much attention because of its many engineering applications, 







 and industrial processes such as oil recovery.
13
 The behavior of 
the droplet radius,
14-16
 the velocity of the liquid front,
17
 and the dynamic 





 have been investigated experimentally and theoretically 
using pure non-volatile liquids. 
 
Although wicking has been shown to take place on both 
regular
14,15,20,21
  and irregular patterns of structures,
22-24
 quantitative models 
have only been proposed on ordered rectangular micropillar arrays due to the 
ease of fabrication and analysis. The common behavior observed exemplifies 
the Washburn theory whereby the wicking distance follows a diffusive process 
such that the impregnated length is proportional to the square root of time.
25
 
However, there has not been a theory that fully describes the dynamics of 
wicking without the use of empirical parameters, or a quantitative study on 




1.3 Research Objectives 
The objective of this work is to examine quantitatively the dynamics of 
wicking in regular patterned silicon nanostructured surfaces fabricated using 
the interference lithography and metal-assisted chemical etching (IL-MACE) 
techniques. Its dependence on surface geometry and roughness are 
investigated on isotropic and anisotropic nanostructures. The governing forces 
are then identified and its limitations are also found. Lastly, this research looks 
at the wetting stage that happens right before wicking occurs.  
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1.4 Thesis Organization 
The thesis is organized into seven chapters, with Chapter 1 being the 
introduction. Chapter 2 covers the theoretical background of wetting, the laws 
that govern it, and literature review on the dynamics of wicking in different 
micro-/nano-structured surfaces. This chapter will also briefly discuss the 
initial stage of wetting before wicking happens.  
In Chapter 3, details on the experimental procedure are presented. In 
this section, a versatile fabrication technique called interference lithography 
and metal-assisted etching (IL-MACE) are utilized to make different regular 
silicon nanostructures, such as nanopillars and nanofins of various sizes and 
heights.  
Chapter 4 reports on a theoretical study of wicking in nanopillar 
surfaces. The effect of geometry, represented by the nanopillar height on the 
dynamics of wicking is examined. An equation for the dynamics of wicking is 
derived without the use of empirical parameters. This theoretical prediction is 
compared with experimental results obtained from our samples prepared by 
the IL-MACE method. The theory is also extended to explain other data 
published in the literature. 
 In Chapter 5, an investigation of the geometrical effect of 
asymmetrical micro-/nano-structures on wicking is reported. Hexagonal arrays 
of silicon nanofin samples are chosen for the study because of the 
asymmetrical geometry that allows for an examination of the structural 
orientation. It is discovered that while viscous drag is present for every form 
Chapter 1                                                                                         Introduction 
-8- 
 
of nanostructure geometry, form drag is only associated with nanostructure 
geometries that have flat planes normal to the wicking direction. The drag 
enhancement factor β is adjusted to take into account the geometrical and 
orientation parameters of the nanofin structures. 
Chapter 6 discusses the early stage of liquid spreading on nanopillar 
surfaces with different heights and using different drop volume sizes. An 
energy model is proposed and the dominating force in this regime is identified. 
In addition, the average energy dissipation per unit area is also calculated. 
This enables the prediction of the liquid bulk spreading diameter at the end of 
this stage based on energy consideration. 
A final conclusion is made in Chapter 7 to summarize the 
accomplishments of this project and provide recommendations for future 
work.  
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Wetting and spreading phenomena are extremely interesting because 
they are in an area where chemistry, physics, and engineering intersect. In a 
large scale, wetting plays an important role in oil recovery,
1
 the efﬁcient 
deposition of pesticides on plant leaves,
2
 drainage of water from highways
3
 
and the cooling of industrial reactors. In a small scale, wetting solutions have 





 and drug delivery
6
 among many others. 
 
In Section 2.2, we will first review the two classical laws on which the 
theory of wetting and spreading was built: the Young’s law, which describes 
the static state of liquid, solid and vapor when they are in contact; and the 
Poiseuille’s law, which describes the dynamic of fluid flow. A short 
discussion on the Washburn’s law of capillary action7 will cover the 
background of the special class of wetting: wicking phenomenon. Another 
well-known theory on the topic, the Tanner’s law,8 and its difference 
compared to the other law will be presented. Section 2.3 includes some 
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literature review of the characteristics of wicking in micro-/nano-structures. 
This will be followed by some quantitative analyses of dynamics of wicking in 







Literature review of the spreading of liquid at the initial stage when the 
liquid comes in contact with the solid surface, also known as the onset of 
wicking, is covered in Section 2.5. Lastly, some key equations, which will be 
used in subsequent Chapters, such as the capillary length and Reynold’s 
number, are introduced in Section 2.6. 
 
 
2.2 Basic Laws of Wetting and Spreading 
 
2.2.1  Surface Thermodynamics (Young’s Law) 
 
When a droplet of liquid comes in contact with a solid, its behavior is 
governed by the interfacial forces at the triple phase contact line where solid, 
liquid and vapor phase intersect. These forces arise from surface tensions γSV, 
γSL, γLV at the solid-vapor, solid-liquid, and liquid-vapor interfaces, 
respectively (see Fig, 2.1). At thermal equilibrium, these three forces balance 
each other and an equilibrium contact angle θ is established at the triple phase 
contact line. Projecting the liquid-vapor force horizontally using the contact 
angle θ and establishing a horizontal force balance gives the Young’s law as 









cos                                            (2.1)       
                                                            
 
Figure 2.1 A liquid droplet rests on a flat solid surface. The equilibrium 
contact angle, θ, is the angle formed by a liquid at the three phase boundary 
where the liquid, vapor, and solid phases intersect. 
 
The equilibrium angle θ is used as a measure of how well a liquid wets 
the solid substrate. If θ < 90o, the solid is often referred to as being 
hydrophilic, or “water loving”. If θ > 90o the solid is considered to be 
hydrophobic or “water hating”. There are two special states in the hydrophilic 
and hydrophobic regimes: complete wetting or super-hydrophillic (θ ≈ 0 o) and 
non-wetting or super-hydrophobic (θ > 120 o). In the complete wetting case, 
the liquid spreads completely onto the solid until it forms a continuous ﬁlm 
with a microscopic thickness. Super-hydrophobic surfaces on the other hand 





 One example of a super-hydrophobic state in nature is the 
lotus leaf.  
 
2.2.2  Hagen-Poiseuille’s Law 
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Picking up any fluid mechanics book one will always find Hagen-
Poiseuille’s law introduced in the first chapters. The law was derived 
independently by two physicists: Gotthilf Heinrich Ludwig Hagen and Jean 
Louis Marie Poiseuille. The latter published his results in 1840 and 1846 and 
for this reason, it is better known as Poiseuille’s law.13  
 
Poiseuille’s law describes a pressure drop in a fluid flowing through a 
long solid cylindrical pipe (Figure 2.2) and relates it to the dimensional 








  ,                                           (2.2) 
where Q is the volumetric flow rate of the liquid, ΔP=P1-P2 is the pressure 
drop at the two ends of the pipe, R is the radius of the pipe, µ is the viscosity 




Figure 2.2 Flow of liquid through a cylindrical pipe. 
 
Poiseuille's law was found to be in reasonable agreement with 
experiments for uniform liquids (called Newtonian fluids) and became a 
cornerstone for fluid dynamics. It quickly found applications in numerous 
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fields, especially in the medical community where the study of body fluids 
was extensive.  The physical law can be extended to analyse other classes of 
flows, such as the Hele-Shaw flows between parallel plates; and broad classes 
of flows can also be reduced to Poiseuille's law. For instance, Poiseuille's law 






2.2.2  Washburn’s Law 
 
Although the phenomenon of wetting and spreading pervades everyday 
life, the first quantitative study of the dynamics of wetting only dated back to 
1921 in a study by Edward W. Washburn.
7
 Investigating the capillary rise of 
water in a circular tube of arbitrary shape (Figure 2.3), Washburn was able to 
come up with a mathematical expression to predict the length of the wetted 
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To arrive at the solution, Washburn firstly used Poiseuille’s law to 











 ,                           (2.3) 
where dV is the volume of the liquid which in the time dt flows through any 
cross-section of the capillary, z is the length of the column of liquid in the 
capillary at the time t, µ is the viscosity of the liquid and ε is the coefficient of 
slip, ΣP is the total effective pressure which is acting to force the liquid along 
the capillary and R is the inner radius of the circular tube.  
 
Washburn believed the capillary rise of liquid was driven by three 
separate pressures: the atmospheric pressure PA which is constant; the 






PC  . Note that ρ is the density of the liquid, h is the height of the 
liquid above the center of the capillary opening A (see Figure 2.3), g is the 
standard acceleration of gravity, ls is the linear distance from the capillary 
opening point A to the wetting front M, Ψ is the angle between the horizontal 
line and the line connecting A and M, γ is the surface tension and θ is the 
contact angle. 
 
Substituting the expressions for PH and PC into Eqn. (2.3) and 













                                          (2.4) 




The law has been used to explain wetting phenomenon such as 
capillary rise between flexible walls,
14
 wicking in V-grooves surface,
15
 or 
geometries with axial variations
16
 and spreading on micro-decorated 
surfaces.
17
 Diffusion-like dynamics behaviors were observed for these studies. 
It is however important to note that when the gravitational effect becomes 
significant, the liquid film thickness changes as a function of the height and 
can affect both the capillary pressure and viscous shear stress. For these 





It is worthwhile to mention that besides Washburn’s law, there is 
another well-received theory related to the dynamics of wetting called the 
Tanner’s law.8 In 1979, Tanner published a paper to investigate the spreading 
of a small drop of silicone oil on a flat horizontal surface. The author 
concluded that such spreading was driven by the surface tensions, resisted by 












                                      (2.5) 
 
This model, which holds if the drop evolves slowly and has a shape 
similar to a spherical cap, has explained many experiments for complete 
wetting process.
19-21
 However, the value of the pre-factor is still controversial 
and diﬀers according to the model used for contact line motion.22 Also, there 
are many wetting phenomena that the theory does not describe, thereby 
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illustrating that there are other mechanisms inﬂuencing or dominating the 
spreading.
23
 For instance, in the case of an inertial spreading of water droplet 
on a lower energy substrate,
24
 or spreading of viscous liquid (1 Pas), the 
spreading distance was found to follow z ~ t
1/2





Nonetheless, the key difference between Tanner’s and Washburn’s 
theories lies in the nature of the wetting. On one hand, Washburn looked at the 
spreading of liquid inside a tube due to the capillary rise. The liquid 
penetrating inside the tube is similar to the thin film extending ahead of the 
liquid bulk in wicking (Figure 1.3(b)). On the other hand, Tanner looked at the 
spreading phenomenon of the liquid drop on a smooth solid surface where no 
capillary could be formed on the flat surface and no thin film was observed 
(Figure 1.3(a)). This thesis focuses on the wicking phenomenon, which is the 
spreading of the thin film extending ahead of the liquid drop and shares more 
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2.3 Wicking in Irregular and Regular Micro-/Nano- 
Structures 
 
In the past decades, the spreading of liquid on a wide range of micro-
/nano-textured surfaces has been observed and studied. These studies provided 
new insights on the inﬂuence of roughness on wettability and demonstrated 
that the wicking characteristics of a substrate can be tuned by changing the 
properties of the solid surface, such as its chemistry
25,26
 or surface 
topography.
27,28
 The former however is beyond the scope of this thesis topic 
and will not be discussed. 
 
Random structures can be created on the solid surface via various 
fabrication techniques, such as high intensity nano-/femto-second laser 
pulses,
29,30
 glancing angle deposition,
31
 and the anodic oxidation technique.
32
 
The first method proves to be successful with metals, such as platinum, gold, 
aluminum and silver or non-metals such as glass. The glancing angle 
deposition technique was utilized to create random nanowires on silicon and 
the last method was used to make nanotubes on a glass substrate. Figures 2.4 
to 2.6 show the irregular micro-/nano-structures on the surface of the 
respective fabrication techniques. 
 




Figure 2.4 Metal surfaces treated by femto-second laser shows (a) the parallel 




     
 
Figure 2.5 (a) Top-view and (b) side-view of silicon nanowires fabricated by 



















One example of the wicking of liquid in the treated surface is shown in 
Figure 2.7. Interestingly, prior to the surface treatment, the solid surfaces did 
not exhibit wicking property. This proves that surface topography has a key 
role in determining the wicking characteristics of the surface. The conditions 
for wicking will be discussed further in the next section.  
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The wicking distance follows a diffusion-like process similar to that 
dictated by Washburn’s equation. The wicking distance is plotted against the 
square root of time (Figure 2.8) and a linear relationship is observed.  
 
 
Figure 2.8 Plot  of  the  experimental  results  of the spreading  distance z 
versus  the square  root  of  time  t
1/2






At the same time, regular structures were also fabricated for the 
wicking study. The most common structure investigated is the square array of 
micropillar or micropost due to the ease of fabrication and analysis.
5,33-35
  
Examples of such structures are illustrated in Figure 2.9.  
 
 





Figure 2.9 Examples of micropillar structures fabricated for wicking study by 
(a) inductively coupled plasma etching
36
 and (b) micro-imprinting.
37
 The latter 
structure was utilized in Bico et al.
9’s study.   
 
 
2.4 Dynamics of Wicking  
 
Although random micro-/nano-structures have the advantage of simple 
fabrication process, quantitative analysis requires well-defined structures.  For 
these reasons, only analyses of the wicking characteristic, i.e. the dependence 
of the wicking distance on time, on regular microstructures were reported in 




 examined wicking on silicon micropillars and 
characterized the dynamics of invasion by balancing the capillary and viscous 
forces. Bico et al.
9
 treated the viscous force as that of  flow on a free plane 
without any structures, and then, to take into account the effect of the 
micropillars, the viscous force was enhanced by an empirical value β. There 
were a few attempts to express β, such as a work by Hay et al.38 in which the 
dynamics of wicking was found using a hydraulic diameter approximation. 
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However, in this model, a fitting parameter, i.e. the tapered angle of the 
pillars, was introduced in order to fit Bico’s data.   
 
In another study, Xiao et al.
39
 utilized the Brinkman equation for ﬂow 
through porous media and numerical simulations to arrive at a semianalytical 
equation describing the dynamics of wicking in silicon micropillars. However, 
the author claimed that this model only fitted well with the experimental data 
for a limited range of dimensional parameters. For instance, the estimation of 
the average driving pressure requires the height-to-period ratios to be greater 
than 1; and the approximation of permeability requires that the diameter-to-
period ratios must be less than 0.5. Even so, the theoretical result for diameter-
to-period ratios = 0.348 sample shows deviation from experimental 
measurement; and the propagation coefficients are underestimated for one 
third of the tested samples. In addition, while adopting the numerical method, 
Xiao et al.
39’s model was not capable of explaining the contributions of 
different terms in the dynamic equation and hence not many insights can be 
deduced. 
 
As Bico et al.
9’s study includes of background knowledge that the 
current research work was built upon, it will be discussed in detailed in 
Section 2.4.1. This will be followed by an introduction to another well-known 
theory by Ishino et al.
10
 who were able to come up with mathematical 
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2.4.1  Bico’s Theory 
 
Wicking occurs when the imbibition of liquid thin film further reduces 
the interfacial energy of the system. When the liquid invades the solid by a 
small distance dz, the change of surface energy can be expressed as 
dzdzrdE sLVsSVSL )1())((   ,                   (2.6) 
where ϕs is the solid fraction that remains dry during wicking, and r is the 
surface roughness. The expressions for ϕs and r vary for different structures 
and will be introduced in Chapters 4 and 5. The first term on the right hand 
side of Eqn. (2.6) describes the energy change when the liquid-solid interface 
replaces the vapor - solid interface. The remaining term describes the increase 
in energy by the creation of the liquid - vapor interface. 
 
Substitute γSL and γSV by applying Young’s law (Eqn. (2.1)) to obtain 
dzdzrdE sLVsLV )1()(cos                         (2.7) 
 
For wicking to happen, the energy change must be negative since 
lower energy is more favorable. Set dE < 0 to obtain the following condition 











coscos  ,                                   (2.8) 
where θ is the equilibrium contact angle on a flat surface as dictated by the 
Young’s law and θc  is defined as the critical angle that can be determined by 
structural parameters ϕs and r. Additionally, by definition, ϕs < 1 and r ≥ 1, and 
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thus, cosθ > 0. In other words, Eqn. (2.8) also implies that the solid surface is 




 also examined the dynamics of wicking and found that the 
displacement of the wicking front with time followed Washburn’s diffusive 
relation 
                                                    ,                                                (2.9) 




 assumed that wicking in an array of micropillars of height 
h is equivalent to the Poiseuille’s flow of liquid of thickness h on a flat surface. 





















,          (2.10)
 









                                              (2.11)
 
The existence of the micropillars on the silicon surface effectively 
increases the surface areas and in turn, increases the frictional viscous force 
between fluid and solid. However, Bico et al. did not study the effect of the 
micro-structures on wicking and thus, the extent to which the viscous loss are 
enhanced is unknown. Instead, to approximately account for this enhancement 
of viscous loss, the retarding pressure ΔPV in Eqn. (2.11) is multiplied by a 
fitting parameter β – which is dubbed as the viscous enhancement factor. 




















                                (2.12)        
Integrating the two sides of Eqn. (2.12) and comparing to Eqn. (2.9) 











                                 (2.13) 
From Eqn. (2.13) it can be seen that because β is only a fitting 
parameter and has to be experimentally determined, the coefficient of wicking, 
D, cannot be fully predicted with theory alone. Thus it is impossible to 
understand what role geometrical parameters of the micropillars play as well 
as how they affect D. Therefore, the wicking kinematics (i.e. distance and 
velocity) are still unattainable for a fabricated structure.  
 




 offered another theory of wicking in silicon micropillar 
surface and came up with equations describing the wicking dynamics without 
any empirical factors. Ishino at al. had to divide the wicking of silicon 
micropillars into 2 regions, namely, the short pillars (where the height of the 
pillars was smaller than the period of separation) and long pillars (where the 
pillars height was larger than the period) regimes. The coefficients of wicking 











 ,                                           (2.14) 













,                               (2.15) 
where h, d and p are the height, diameter and period of the pillars, 
respectively.  
 
However, the theory is not free of shortcomings. For instance, in the 
short pillars regime, the effect of viscous dissipation on the pillar walls was 
deemed insignificant. In the long pillars regime, the viscous force was derived 
using a questionable approximation that the cut-off distance (the distance 
beyond which the effect of pillars was negligible) was equal to the period. 
Consequently, although the proposed equations fitted the experimental data in 
the second regime, the result in the first regime showed a large deviation from 
the theory.    
2.5  Initial Stage of Wicking 
 
Whenever a drop of liquid is placed on the surface of a substrate, the 
liquid is expected to evolve until it reaches an equilibrium state. This may 
require the drop to spread over the surface, remain as a drop, or in some cases 
to leave the surface. Such process depends on the properties of the surfaces 
involved.  
In a study of wicking in random zircaloy nanotubes, Ahn et al.
32
 
observed that the wetting process is actually separated into two stages (Figure 
2.10). The wetting in the first stage is significantly faster than in the second 
stage. This can be seen as the difference in the slopes in the spreading distance 
versus time plot.   





Figure 2.10 Variation of the contact line and precursor rim diameters with 
respect to time. In Stage I, both the contact line and precursor rim expand at 
the same velocity, D ~ t. However, in Stage II, the contact line stops 
expanding, and the precursor rim continues to expand at a lower velocity than 






It is noticeable that during the first stage, there is insignificant 
difference between the spreading of the liquid bulk (denoted as ‘contact line’ 
in Fi. 2.10) and the thin film (denoted as ‘precursor line’). In the second stage, 
the thin film expands much quicker while the liquid bulk reaches the 
maximum and then expands very slowly. A separate work by Zhou et al.
30
 
(Figure 2.11) and others
9,40
 showed similar behaviors. One common 
observation from those studies is that at the second stage, the spreading 
distance follows the diffusive process r ~ t
1/2
, which is similar to the capillary 
rise action. 
 




Figure 2.11 Variation of the spreading distance with respect to time. (a)  
shows  the  characteristics  of  the  starting  stage  where the  spreading  
distance  increases  with  time  very  quickly,  while  in  the  following  stage  
the  spreading  distance  increases  slowly. (b) shows  the  inﬂuence  of  the  
initial  spreading  time  t0,  where  clearly  once t  >  t0,  the  slopes  of  these  




The second stage is deemed to be caused by the wicking process 
because of the appearance of the thin film. However the dynamics of wetting 
in the first stage is still questionable. In an attempt to explain this behavior, 
Bico et al.
9
 suggested that when the condition for wicking is satisfied (Eqn. 
(2.7)) and once the droplet comes in contact with the solid surface, the drop 
takes the shape of the spherical cap and expands until it reaches a new 
effective contact angle θ* (Figure 2.12), which is calculated as:  
)cos1(1*cos   s                                  (2.16) 
 
Figure 2.12 Illustration of Bico’s theory on the effective contact angle θ*.9 
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It can easily be seen in this approach that not all structural parameters 
were taken into account. For instance, while the pillar diameter is considered 
via the solid fraction Φs, the pillar height is ignored. Additionally, it is 
counter-intuitive that the droplet maintains a constant effective contact angle, 
given that the thin film’s diameter keeps expanding due to wicking. The 
contact angle of the spherical cap is expected to decrease due to the 
conservation of mass.  
In a more recent work published in 2013, Eddi et al.
41
 looked at the 
short time dynamics of drop spreading at very early stages (t in millisecond 
range) and investigated the effects of droplet initial radius R, the liquid 
viscosity, and the surface wettability. The authors found that at short time, the 
radius of the liquid droplet followed the same dynamics for all drop radii R 
(ranging from 0.37 - 0.82mm) and concluded that the time evolution of the 
droplet’s radius r(t) did not depend on the drop size. The spreading dynamics 
is characterized by a power law r(t) ≈ Dtα, where D is an empirical value with 
no physical meaning and the exponent α is not a constant, instead it slowly 
decreases from 1 to 0.5 as time increases. The obtained value for α agrees with 
the experimental data and therefore indicates that the initial dynamics of drop 
spreading is similar to the coalescence of freely suspended spherical drops.  In 
addition, by testing the spreading for different surfaces with different 
equilibrium contact angles, Eddi et al.
41
 found no correlation between the 
wettability of the surface and the spreading which resembles the initial 
spreading dynamics of the coalescence of the two drops. Eddi et al.
41
, 
however, were not able to explain why the spreading of liquid is analogous to 
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the coalescence of the two drops and why the application of the coalescence 
model can provide such accurate prediction. 
  
2.6 Basic Equations 
 
This section introduces some key equations that will be used in 
subsequent chapters and their physical meanings. 
 
2.6.1 Capillary length 
 
 
In flows at a very small scale, volume forces are usually less 
important. A measure of the inﬂuence of gravity is the capillary length, which 






 ,                                               (2.17) 
where ρ is the liquid density, γ is the surface tension of the liquid and g is the 
standard acceleration of gravity. The capillary length is derived from the Bond 
number Bo which measures the importance of surface tension forces compared 
to body forces 

 2gL
Bo  ,                                               (2.18) 
where L is the characteristic length and usually taken as the drop radius.  
A high Bond number indicates that the system is relatively unaffected by 
surface tension effects; a low number (typically less than one) indicates that 
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surface tension dominates. By assuming Bo = 1, the capillary length can be 
deﬁned as in Eqn. (2.17). The significance of Eqns. (2.17 - 18) is that when 
the drop size is L < lc or Bo < 1, gravity can be excluded from the analysis, as 
it gives a small contribution to the ﬂow compared to the surface tension.  
 
For example, the capillary length of water can be computed by introducing its 
material properties at room temperature (ρ = 103 kg/m3, γ = 73x10-3N/m, g = 
9.81m/s
2
), giving lc ≈ 2mm. This tells us that water drops with a radius less 
than 2mm will be almost unaﬀected by gravitational eﬀects and will take a 
spherical shape. Similarly, for one type of silicone oil (ρ = 1.0653 kg/m3, γ = 
3.399x10
-2
N/m, g = 9.81m/s
2




2.6.2 Reynold’s Number 
 
In fluid mechanics, the Reynolds number (Re) is a dimensionless 
number that quantifies the relative importance of inertial forces and viscous 
forces for given flow conditions. Reynolds number is used to characterize 
different flow regimes (Figure 2.13). Laminar flow occurs at a very low 
Reynolds number, i.e. Re < 1. 
 
The Reynolds number can be estimated by the expression 

vL
Re ,                                             (2.19) 
where v is the average velocity of the fluid and L is the characteristic linear 
dimension and is taken as the travelled length of the fluid. 





Figure 2.13 Qualitative behaviors of fluid flow over a cylinder depend on 
different Reynolds number. 
 
 
The Reynolds number for wicking of silicone oil in this study can be 



















where v can be calculated by the taking the ratio of distance over the time 
which it takes for the wicking front to reach the end of the sample (please refer 
to Chapter 4 for the wicking data), and L can be taken as the length of the 










To summarize, this chapter provides a brief background on the physics 
laws that control wicking. The wicking characteristics on micro-/nano-
structures surfaces were introduced. It was found that wicking dynamics 
follow a diffusion-like process in which the wetting distance is directly 
proportional to the square root of time. Analytical solutions proposed by 
various research groups were presented. Lastly, it was noted that the wicking 
process actually consisted of two stages, in which the latter corresponded to 
the wicking phenomenon. The dynamics of wetting in the first stage, however, 
is still unclear.   
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3.1 Introduction  
 
 
Recently, colleagues in our research group have discovered a simple 
method of creating ordered arrays of silicon nanopillars and nanofins over 
large areas (~ 1 cm
2
) by means of interference lithography and metal-assisted 
chemical etching (IL-MACE) method.
1,2
 To the best of the author’s 
knowledge, there has not been a report in the literature studying wicking on 
fins structure or pillar structure at nanometer scale. Furthermore, the 
fabrication method is versatile in creating nanostructures of different sizes. 
Dimensional parameters such as nanostructure width, length and spacing can 
be adjusted in the lithography step, while the nanostructure height can be 
easily varied by controlling the etching time.  
 
This chapter will describe the experimental procedures employed in 
the preparation and characterization of these silicon nanostructures. Firstly, the 
procedures for wafer cleaning will firstly be highlighted. Then the 
experimental details of various fabrication processes will be discussed. These 
processes include thermal oxidation, spin-coating of photo-resist, Lloyd’s 
Chapter 3                                                                     Experimental Techniques 
-43- 
 
Mirror interference lithography, plasma-assisted etching, thermal evaporation, 
lift-off, and metal-assisted chemical etching.  Finally, the details of the 
structural characterization techniques such as scanning electron microscopy 
(SEM) and contact angle goniometry used in this work will be presented.  
 
 
3.2 Wafer Cleaning  
 
Two-inch p-type silicon wafers were used as substrates in this work.  
The wafers were of <100> orientation and had a resistivity of 8 – 12 Ωcm. In 
order to eliminate the samples from possible impurities, such as organic or 
ionic contaminants, the wafers were cleaned by immersing them into cleaning 
solutions RCA I and II before all fabrication steps.  
 
The wafers were firstly cleaned using RCA I solution consisting of 
hydrogen peroxide (H2O2), ammonium hydroxide (NH4OH) and de-ionized 
(DI) water in the proportion of 1:1:5 by volume. This oxidizes organic films 
and complexes Group I, II metals as well as other metals, such as Au, Ag, Cu, 
Ni, Zn, Cd, Co and Cr.
31
 The mixture was heated to 80 – 90 °C on a hot plate 
before the wafers were immersed in the solution for 15 min. The RCA I 
solution slowly dissolved the thin native oxide layer on silicon and 
continuously grew a new oxide layer by re-oxidation. This combination of 
etching and re-oxidation dislodged particles from the wafer surface.
3
 The 
wafers were then rinsed in DI water with a nitrogen (N2) bubbler for another 
10 – 15 min. 
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 In contrast to RCA I, RCA II solution consisting of hydrochloric acid 
(HCl), H2O2 and DI water in the proportion of 1:1:6 by volume. Again, the 
solution was then heated to 80 – 90°C on a hot plate before the wafers were 
immersed in the solution for 15 min. This solution removed alkalis ions and 







which formed insoluble hydroxides in basic solutions of RCA I.
1
 The wafers 
were then rinsed with DI water with a nitrogen bubbler for another 10 – 15 
min. 
 
 The hydrogen peroxides in the RCA I and RCA II cleaning solution 
caused the surfaces of the wafers to be coated with a thin layer of silicon 
dioxide of 1-2 nm thick due to its high oxidizing nature. To remove this layer 
of oxide prior to subsequent processing, the wafers were immersed in a diluted 
hydrofluoric acid (10% HF) for around 20 sec. Then, the wafers were rinsed in 
DI water with a nitrogen bubbler for 10 min to remove the remaining HF acid. 
The wafers were blown dry using a nitrogen gun and were ready for the next 
processing step.  
 
Note that wafers that exhibited scratches or visible surface defects after 
the entire cleaning process would not be used in order to maintain the 





Chapter 3                                                                     Experimental Techniques 
-45- 
 
3.3 Interference Lithography  
 
 
The positive photoresist (Ultra-i 123) was coated onto the substrate by 
the spin coating method. Prior to the spinning, a few droplets of photoresist 
were applied on the surface of the silicon substrate until it was sufficient to 
cover the entire surface area of a 10 mm x 10 mm. The spin coating method is 
basically a two-step process. The first step consists of a 6 sec spinning interval 
at 3000 rotations per minute (rpm) to ensure that the deposited photoresist 
spreads out uniformly over the entire surface of the sample. The second step 
consists of a 50 sec spin coating at 6000 rpm, which determines the final 
thickness of the photoresist. In this study, the resist thickness was calibrated 
by a surface profiler to ensure the consistency in the thickness of the resist 
layer. This was then followed by a soft-bake process on a hot plate at 90°C for 
1 min. The purpose of the soft-bake process is to evaporate excess solvent 
within the photoresist, as well as improve the adhesion of the photoresist to 
the sample. 
 
 After the spin coating process, interference lithography was used to 
define the pattern on the photoresist layer. This process was carried out by the 
Lloyd’s mirror setup with a 325 nm helium-cadmium (He-Cd) continuous 
wave laser as the light source. The He-Cd laser offered a long coherence 
length at a mid UV wavelength and at a lower cost than other available 
options, such as an excimer laser. The Lloyd’s mirror setup allowed the laser 
to cover a large area of substrate within a short period of time.  No mask was 
required as it was based on the principle of constructive and destructive 
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interferences, which produced the periodic fringes. Figure 3.1 shows the 
experimental setup for this Lloyd’s mirror interferometer.  The laser beam was 
directed at the spatial filter which allowed noise to be removed away from the 
beam to provide a clean Gaussian profile. As the Gaussian beam expanded, it 
changed threefold: the intensity of the beam decreased, the diameter of the 
beam increased, and the radius of the phase front increased. Firstly, lowering 
the intensity required an increase in exposure time to maintain the required 
dosage, but this did not cause any issues due to the inherent stability of the 
system. Besides, because of the Gaussian intensity profile, increasing the 
beam diameter meant that the intensity would become more uniform over the 
exposed area. Finally, the increase in diameter made the beam more closely 
resemble a plane wave over the exposure area.  
 
An aluminum square mirror was used to reflect the beam to the 
substrate because of its enhanced UV reflectivity compared to other metals, 
and for its essentially constant reflectivity over a broad range of angles. 
Though a higher reflectivity could be obtained with a dielectric mirror, the 
variation in the reflectivity with angle could be significant. The intersection 
point of the mirror and wafer was aligned with the axis of a rotation stage, and 
this allowed for easy variation of the gratings’ spatial period. Because the 
center of the mirror/substrate assembly remained on the optical axis, further 
alignment of the optics was unnecessary. This feature was a distinct advantage 
over the Mach-Zehnder style system, where changing the period required 
physically moving and re-aligning the two arms of the interferometer.
4
 The 
light from the original beam would interfere with the light reflected off the 
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mirror to form a standing wave pattern, which could be recorded in the photo-





, where λ is the wavelength of the laser source, and α is the in-
plane rotation angle. As such, for a 1 µm period, the stage was rotated at an 
angle α ≈ 10o. In this experiment, the laser power was fixed at 6 mW and one 
single exposure lasted for 60 sec.  
 
 
Figure 3.1 Experimental setup for Lloyd’s Mirror Interference Lithography. 
The He-Cd laser beam is directed at the spatial filter and either reaches the 
sample surface directly (the solid arrow) or reflects off the mirror before 
reaching the sample surface (the dotted arrow). Periodic fringes are produced 
based on the principle of constructive and destructive waves.  
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Different structures could be created by carefully aligning the samples 
for a second exposure. For instance, the nanopillar structure was made with a 
double exposure technique. For the second exposure, the sample was tilted by 
an angle of exactly 90
o
 with respect to the first exposure. Ideally, after the 
second exposure, the resulting photoresist dots would have a square shape. 
However because the sharp corners at the junction of the two exposures were 
over-exposed compared to other areas, the corners of the square became 
rounded. After developing and etching, the nanopillar structures with rounded 
edge would be obtained. Similarly, the nanofins could be made by rotating the 
sample by an acute angle (< 90
o
) for the second exposure.  
 
After the exposure, the samples were subjected to a post-exposure bake 
on hot plate at 110
o
C to complete the photo-reaction initiated during exposure 
as well as improve photoresist adhesion to the substrate. Development of the 
exposed photo-resist was performed using the Microposit MF CD-26 
developer. The exposed samples were immersed in the developer for ~60 sec 
and rinsed in DI water. The final step was blowing the samples with N2 gas to 
drive off any remaining solutions and clean the sample surface. 
 
3.4 Plasma-Assisted Etching 
 
After the lithography step, there might be a certain amount of 
photoresist residues left on the silicon surface. Those residues, if existing, 
would act as an unwanted masking layer for the etching process later and 
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would therefore need to be removed. An oxygen plasma etching process was 
utilized for this purpose.  
 
The samples were put inside a chamber, where low-pressure glow-
discharge plasma was introduced.  Oxygen was chosen as the reactive gas for 
a selective etching process. The ions produced in oxygen plasma can convert 
the photoresist into carbon dioxide and water vapor – which could easily be 
flushed away by the vacuum pump. To avoid over-etching of the photoresists 
dots, three parameters needed to be controlled carefully: the plasma power,  
the oxygen flow rate and the duration of etching.  
 
One side effect of this process was that the exposed silicon surface was 
also oxidized. Therefore after this experiment, the samples were dipped inside 
10% HF solution to remove the silicon dioxide layer. After being rinsed in DI 
water, the samples were ready for the next processing step.  
 
 
3.5 Thermal Evaporation   
 
To prepare the sample for the catalytic etching in the next step, a thin 
layer of gold (Au) was coated on the sample surface through a thermal 
evaporation process. The deposition material was placed on a filament or a 
metal plate where it was heated until fusion by a strong electrical current. 
Once the required evaporation temperature (1000 ~ 2000 °C) is reached, the 
evaporated material was then condensed on the substrate under high-vacuum 
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condition (pressure ~ 10
-6
 Torr). This technique was simple and appropriate 
for depositing metals and compounds with low fusion temperature (such as Al, 
Ag, and Au etc…). Typical materials used for the crucible to contain the 
deposition material (i.e. the source) are metals with very high melting point so 
that vapor pressure is practically zero at the evaporation temperature. A few 
examples are tantalum (Ta), molybdenum (Mo) and tungsten (W). A 
schematic drawing of the deposition equipment used in the laboratory is 
shown in Figure 3.2. 
 
 




3.6 Metal-assisted Chemical Etching   
 
A lift-off process was performed prior to the metal-assisted chemical 
etching (MACE) of silicon to transfer the pattern on the resist layer down to 
the metal film layer. This was carried out by dipping the samples in a beaker 
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containing acetone solution at room temperature with the help of ultrasonic 




Figure 3.3 Before etching, the samples went through the lift-off process to 
transfer the negative image of the photoresist to the metal film. 
 
Finally after lift-off, MACE process was carried out to selectively etch 
the silicon substrate covered by a noble metal (Au, Ag or Pt) layer. It was 
well-accepted that the silicon in direct contact with an isolated noble metal 
particle would be etched at a much faster rate compared to the silicon surface 
that was exposed directly to the etching solution,
5 
allowing the fabrication of 
silicon nanostructures with high aspect ratios.   
 
The MACE solution was created by mixing of H2O, HF and H2O2 at 
room temperature. Two important parameters controlling the etching process 
are the concentration of HF and H2O2 and the etching duration. The 
concentrations of HF and H2O2 were optimized to be 4.6 Molar (M) and 0.44 
M, respectively. The duration of etching varied depending on the required etch 
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depths. Normally, etching lasted for 5 to 30 min. Note that for this study, the 
noble metal used was gold (Au). The sample was then rinsed in DI water for 
10 min to remove the remaining HF and H2O2 and was blown dry by a N2 gun. 
 
The chemistry behind the metal-assisted chemical etching was still an 
ongoing discussion. Various possible cathode and anode reactions were 
proposed in the literature to describe the etching process.
6
 The most accepted 
chemical reaction sequence consisted of two continuous reaction stages as 




Firstly, the positive holes were injected into silicon through the 
metal/silicon interface and the positive holes were attracted to the noble metal 
particles because its electrochemical potential was more positive than the 
valence band of silicon. These oxidation–reduction reactions would result in 
the precipitation of the noble metal particles and the oxidization of the silicon. 
The silicon dioxide would then react with HF to form a soluble silicon 
complex and water. The chemical reactions which occurred in this stage could 





  Au, 





SiO2 + 6HF  H2SiF6 + 2H2O 
 
During the second stage, the noble metal particles would not 
participate chemically in the reaction. The oxidant in this stage was H2O2 and 
the chemical reactions can be written as  








  2H2O 





SiO2 + 6HF  H2SiF6 + 2H2O 
 
 
     
Figure 3.4 (a) Schematic drawing of the two stages of the metal-assisted 
chemical etching process. The location of the metal catalyst determines the 
regularity of the nanostructures. (b) Precipated Ag particles produced a forest 
of randomly located nanowires.
7
 (c) Regular array of nanowires was obtained 




After the etching, the metal catalyst layer was removed by different 
methods depending on the type of metal. Gold can be removed by a gold 
(a) 
(b) (c) 
Chapter 3                                                                     Experimental Techniques 
-54- 
 
etchant solution which consists of KI and I2. Silver can be taken away by 30% 
HNO3 solution. Finally the samples were rinsed with DI water to dislodge the 
residues on the surface.  
 
The profile and regularity of the obtained nanostructures are 
determined by the shape and the distribution of the catalyst metal on the 
silicon surface. In Liu et al.
7’s study, the sample was immersed in an aqueous 
solution containing 10% HF and 0.02M AgNO3. This allowed the Ag particles 
to precipitate randomly on the silicon surface. Consequently, the MACE 
process resulted in a forest of irregular nanowires as seen in Figure 3.4 (b). In 
another study, Pan et al.
8
 used photolithography to pattern the silicon surface 
with a square array of photoresist dots with sizes and spacing determined by 
the lithography masks. This enabled the author to precisely deposit the gold 
particles at designed locations. Consequently, the MACE process resulted in a 
regular silicon wires as seen in Figure 3.4 (c). The purpose of the IL step in 
Section 3.3 is similar to Pan et al.
8’s lithography step in terms of controlling 
the location of the metal catalyst. Combining IL and MACE techniques, Choi 
et al.
9
 was able to fabricate regular silicon nanowires and nanofins array over 
large areas. The IL step to fabricate these two types of nanostructures will be 
discussed in detail in Chapters 4 & 5.  
 
 
3.7  Characterization Techniques 
 
3.7.1  Scanning Electron Microscopy (SEM)   




A scanning electron microscope (SEM) is a type of electron 
microscope that produces images of a sample by scanning it with a focused 
beam of electrons (see Figure 3.5). Electrons from a thermionic, or field-
emission cathode are accelerated through a voltage difference between 
cathode and anode (from as low as 0.1 keV to as high as 30 keV). The 
smallest beam size at the virtual source with a diameter in the order of 10 ~ 50 
μm for thermionic emission, and a diameter of 10 ~ 100 nm for field emission 
guns, is de-magnified by a two or three stage electron lens system so that an 
electron probe of diameter 1 ~ 10 nm is formed at the specimen surface.  
 
Primary electrons after striking the sample surface generate 
backscattered electrons (BSE), secondary electrons (SE) and Auger electrons 
(AE) (see Figure 3.6). BSE are electrons generated from elastic collisions and 
lose only a small fraction of their original energy, but undergo large angle 
deflection. SE are in-elastically scattered electrons that lose much of their 
original energy and generally have energy less than 50 eV. SE and BSE are 
usually collected, amplified and detected with a scintillator-photomultiplier 
detector. SE provide information on surface topography, and are also used in 
voltage contrast imaging. BSE, on the other hand, provide information on 
topography and material. Lastly, AE carry information of the chemical 
composition of thin film and are usually used for surface analysis.  
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Separate detectors are required for secondary and backscattered 
electrons. To produce images, these electron signals are measured as a 
function of primary beam position while the beam is scanned in a raster 
pattern over the sample. Interaction of the primary beam with the sample 
creates an excitation volume, in which electrons are scattered through elastic 
and inelastic scattering. The SEM resolution depends on the smallest electron 
probe spot achievable, while the signal-to-noise ratio is determined by the 
electron probe current, which decreases with probe spot size. Therefore, 
electron optics in SEM are designed to achieve the smallest electron spot with 
                                                 
b
 Image courtesy from http://cmrf.research.uiowa.edu/scanning-electron-microscopy 
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the maximum current. The SEM analysis in this work was performed using 
NOVA NanoSEM 230. An accelerating voltage of 5 keV with a working 
distance of 5 mm was normally used for conducting samples. 
 
 
Figure 3.6 Interaction between primary electrons and the sample surface 





3.7.2  Contact Angle Measurements  
 
The contact angle measurement system consists of a droplet volume 
control and an optical system to capture the profile of the droplet formed on 
the surface. The contact angle analysis in this experiment was performed using 
the VCA Optima System. It consists of a sample stage, a volume controlled 
syringe/needle and a CCD camera as shown in Figure 3.7. To measure the 
                                                 
c
 Image courtesy from http://cc.usst.edu.cn/Able.acc2.web/Template/office/9f756afe-9a18-
4195-8524-f0761f492e37.html 
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contact angle, a droplet of known volume is dispensed on the sample surface 
via the needle. The shape profile of the liquid drop is then captured by the 
CCD camera. The contact angle is then obtained by calculating the slope of 
the tangent to the liquid drop at the triple phase contact line where the liquid, 
solid and vapor phase intersect.  
 
 
Figure 3.7 The setup of a contact angle measurement experiment. The VCA 




3.7.3  High Speed Camera Experiment 
 
To capture the wicking action, a high speed camera modeled Photron 
Fastcam SA5 was utilized. The camera had the capacity to measure up to 
775,000 frames per second (fps). Considering the relatively slow speed of 
wicking, the camera was setup to operate at 1000 fps. After the images had 
been captured, the wicking distance with respect to time was extracted using 
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the integrated software Photron Fastcam Viewer. The experiment setup for the 
wicking dynamics is illustrated in Figure 3.8.  
 
 
Figure 3.8 Illustration of the high-speed camera experiment. A nanostructured 
sample was placed vertically on a flat surface and a droplet was delivered to 
the bottom of the sample. The whole wicking action was captured by the 
camera.  
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Chapter 4 Results and Discussion I 
 
Results and Discussion I: 
Wicking in silicon nanopillars surface 
 
 
4.1  Introduction  
 
The ultimate goal of this study is to achieve control of the wicking 
flow by tailoring the surface topography. In other words, we aim to identify 
crucial structural parameters that can control the wicking speed. The results 
would have tremendous potential for the development of engineering 
applications based on the wicking phenomenon.  
 
Designing micro-/nano-structures for this purpose requires careful 
considerations of multiple effects that each structural parameter introduces. 
For instance, on one hand, the existence of micro-/nano-structures increases 
the wetting property of the surface,
1,2
 and in turn amplifies the capillary force 
that drives the liquid up against gravity. On the other hand, it enhances the 
frictional viscous force because of the larger contact surface created. It is 
therefore interesting to investigate the influence of structural geometry on the 
balance between the capillary driving force and the frictional viscous force.  









 patterns of structures, quantitative models have only been 
proposed on ordered array surfaces, with the rectangular arrangement of 
micropillar arrays as the most studied system due to the ease of fabrication and 
analysis. However, the best of the author’s knowledge, these studies involves 
either fitting parameters or rough approximation that lead to inaccurate results. 
For instance, Bico et al.
3
 examined the dynamics of wicking and found that 
the displacement of the wicking front with time followed Washburn’s 
diffusive relation. However in his study, the coefficient of wicking D 
contained fitting parameter β  (see Eqn. (2.13) which hinders prediction of the 
wicking dynamics. Ishino et al.
4
 offered another theory on wicking and came 
up with equations describing the wicking dynamics without any empirical 
factors. However, the theory contains many problems as pointed out in 
Chapter 2.  
 
Therefore, the objective of this chapter is to derive an analytical 
solution for the viscous enhancement factor β which does not require any 
fitting parameters. The subject of this study of wicking will firstly be the 
ordered array of nanopillars with varying height. As mentioned in Chapter 3, 
the height of the nanopillars can be easily varied by controlling the etching 
time. The theory is validated with experimental data and also extended to fit 
other data published in the literature.  
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Success in describing the wicking dynamics in simple structures such 
as nanopillars will form a basis to tackle more complicated structures such as 
the nanofins in Chapter 5. 
 
4.2 Experimental Details 
 
 
The process flow for the synthesis of silicon nanopillars using IL-
MACE technique is illustrated in Figure 4.1(a). P-type (100) silicon wafers 
were first cleaned by standard RCA I and RCA II processes and dipped in 
10% HF for 1 min to remove the native oxide layer. The silicon wafers were 
then coated with positive photoresist (Ultra-i 123) of approximate 300 nm 
thickness, and cured at 90°C for 90 sec. The photoresist was exposed using a 
Lloyd’s mirror-type interference lithography with a He-Cd laser source at a 
wavelength λ of 325 nm.11 Two perpendicular exposures of 60 sec duration 
each were then performed on the samples and followed by a post-bake at 
110
o
C for 60 sec. The exposed photoresist was removed using a photoresist 
developer (Microposit MF CD-26). After this step, circular photoresist dots 
were formed on the silicon sample surface. The samples were then subjected 
to an oxygen plasma etching (power of 200 W, oxygen pressure of 0.2 mbar, 
etching time of 30 to 45 sec) to remove the residual photoresist on the surface. 
Au was thermally evaporated on the substrate to a thickness of ~30 nm, at a 
pressure of ~10
-6
 Torr. The photoresist dots were lifted off by ultrasonic bath 
in acetone for 15-20 min, leaving an Au mesh on the silicon surface. Finally, 
the samples were etched in a solution of H2O, HF and H2O2 at room 
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temperature for 5-30 min. The concentrations of HF and H2O2 were 4.6 M and 
0.44 M, respectively. The samples were then immersed in a standard Au 







Figure 4.1 (a) Schematic diagram of the process flow to fabricate Si 
nanopillars using the IL-MACE method, (b) SEM images of Si nanopillars at a 
height of (i) ~2 μm, (ii) ~4 μm and (iii) ~7 μm, respectively. The insets are 
top-view SEM images of the respective samples. All samples in Figure 1(b) 
have the same period of 1µm.  
 
Figure 4.1(b) shows the SEM images of silicon nanopillars at various 
heights. All samples were fabricated with exactly the same conditions except 
etching duration (5 to 30 min) that resulted in different heights. Nanopillars 
from samples etched for 5 to 20 min are perfectly straight (Figure 4.1(b) i, ii). 
However as the nanopillar become taller (~7 μm), the high aspect ratio 
reduces its mechanical strength significantly such that capillary forces can 
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overcome the elastic forces and  cause sufficient permanent 




To examine the wicking characteristics, the samples were placed 
vertically and an 1μl droplet of deionized water or silicone oil (HIVAC F-4) 
was deposited at the bottom of the sample surface. The wicking process was 
recorded using a high speed camera at a speed of 1000 frames per second and 




4.3 Theoretical Model  
 
4.3.1 Approximation of a Unit Cell of Nanopillar 
 
Firstly, to simplify the derivation, we approximate the flow of fluid 
through the nanopillars as a flow through open nanochannels that are of the 
same height, h, and length, (d+s), as a unit cell of nanopillar. Note that d and s 
are the pillar diameter and the distance between two neighboring pillars, 
respectively (see Figure 4.2).  
 
A unit cell of nanochannel (Figure 4.2.b) can hold the same volume of 
fluid as a unit cell of nanopillar (Figure 4.2.a) and thus the width of the 
nanochannel, w, can be calculated as  
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                       (4.1) 
 
 
Figure 4.2 Approximating a unit cell (indicated by dashed black rectangle) of 
nanopillars as a unit cell of nanochannels that holds the same volume of liquid. 
(a) shows the top view of a unit cell of nanopillars while (b) and (c) show the 
top view and side view of a nanochannel. The yellow regions indicate the top 
of the nanostructures at y = h, which remain dry throughout the wicking 
process, while the violet regions indicate the bottom regions at y = 0. Flow of 
fluid is in the z-direction in all cases. 
 
The justification of the seemingly ‘rough’ estimation above can be 
shown in the COMSOL simulation of the flow inside an array of nanopillars 
(Figure 4.3.a). It can be deduced from this figure that the liquid in between the 
2 adjacent nanopillars in the flow direction (z-direction) is stagnant, i.e. has 
zero velocity. This stagnancy is analogous to a wake behind an obstruction (in 
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cannot move. Most of the liquid is only able to sweep through the space 
between the two adjacent rows made of nanopillars in z-direction. These rows 
of nanopillars can therefore be seen to act like solid walls which encompass 
the fluid, and effectively make the flow through nanopillars arrays similar to 









Figure 4.3 Simulation of flow inside (a) an array of nanopillars and (b) a 
nanochannel. The color bar represents the magnitude of velocity where blue 
stands for zero velocity (stagnant flow) and red means maximum velocity. The 
red arrows indicate the flow direction. The parameters used in the simulation 
are: d = 0.3 µm, s = 0.7 µm, h = 4 µm and w = 0.93 µm. Similar results were 
obtained by varying h from 1 to 7 µm. 
 
 
4.3.2 Navier-Stokes Equations 
 
 
The set of basic governing equations that describe all viscous and heat 
conducting fluid motion are called the Navier-Stokes (N-S) equations. These 
equations arise from applying Newton's second law to fluid motion, together 
with the assumption that the fluid stress is the sum of a diffusing viscous term 
(proportional to the gradient of velocity) and a pressure term. The N-S 
equations include a set of 3 nonlinear partial differential equations for flow in 
3-dimensional structures 
(b) 



































































































  ,                           (4.4) 
where Ux, Uy, Uz are the components of velocity in x, y and z-direction 
respectively. Similarly, gx, gy, gz are the components of gravitational force in 
the 3 dimensions. P indicates the driving pressure acting on the fluid. The 





















                             (4.5) 
 
The N-S equations are often combined with the differential continuity 
equation, which is a direct interpretation from the conservation of mass theory, 
to fully describe the kinematics of fluidic flow. This continuity equation can 
be expressed as 


























                                 (4.6) 
 
For incompressible flow in z-direction through an open channel such 
as that shown in Figure 4.2.c, the density of the fluid particle does not change 
























                           (4.7) 
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Note that to deduce Eqn. (4.7) we have assumed that the fluids used in 
this study (water and silicone oil) are incompressible liquids. In reality, all 
fluids are compressible to some extent. In other words, the density varies with 
changes in pressure or temperature. In this situation, the changes in pressure 
and room temperature are sufficiently small that the changes in density are 
negligible. For instance, according to the Handbook of Tables for Applied 
Engineering ScienceBolz
13
 and the silicone oil data sheet
14
, compressibility of 
water and silicon oil at room temperature is 0.0046% and less than 0.1% 
respectively. Therefore, in this study the flows can be modeled as 
incompressible flows. 
 















U zyx                                  (4.8) 
 
To summarize, for the wicking flow in this research, there is a set of 
four equations (Eqns. (4.2), (4.3), (4.4), and (4.8)) with four unknowns Ux, Uy,  
Uz and P. With appropriate boundary and initial conditions, the equations can 
be solved. 
 
Going back to our case, gravitational effect can be ignored at the scale 
of the experiment.
7,15,16
 Indeed the capillary length of the liquids in the 
experiment, which is the characteristic length beyond which gravity becomes 
important, is much larger than the dimension of the nanostructures (see 
Chapter 2.6). 




Furthermore, as the streamlines are parallel to the nanochannels walls 
in the z-direction, only the z-component of the velocity will be non-zero (i.e. 








                                                     (4.9)
 
This shows that Uz only has x- and y-component, i.e. Uz =U(x,y). The 













































      (4.10) 
 





= 0. This is justifiable 
because the flow of liquid in wicking can be classified as a laminar flow. As it 
can be seen from Section 2.6.2, the Reynolds number of the wicking flow is 
very small and indeed satisfies the condition for laminar flow (Re < 1). In 
other words, the fluid flows at low velocities in parallel layers, with no 
disruption between the layers. There are also no cross currents perpendicular 
to the direction of flow, or eddies or swirls of fluids like turbulent flow. Thus 







With the above reasoning, the N-S equation (Eqn. (4.4)) can be 
reduced to  
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                                    (4.12)
 
Finally, a straightforward integration gives us a simplified version of 
the N-S equation as  
                                                        (4.13) 
 
Also note that we have implied here that all the testing liquids are 
Newtonian fluids whose viscosities constant and independent on the velocity 
of flow. Water is generally accepted to be Newtonian
17
, and so is silicon oil
18
. 
In fact, silicone oil shows extremely good shear stability and retains their 
original viscosity characteristics as they are not affected by mechanical 
working. Furthermore, there was no chemical reaction occurred between the 
solid (silicon) and liquid (water and silicone oil). According to the datasheet, 
silicone fluid is nearly chemically inert and is virtually unaffected by 10% 
alkaline aqueous solutions or 30% acid aqueous solutions at ambient 
temperatures. 
 
4.3.3 Solving Navier-Stokes Equation 
 
 
To solve the simplified N-S equation, we start by considering a similar 
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 As shown above, the velocity U is independent of x and y and thus 
allows us to use the Method of Separation of Variables. We expect  
                    )()(),( yYxXyxU                              (4.15) 
 
Substituting Eqn. (4.15) into Eqn. (4.14) to obtain: 
                    0"  XX                                                 (4.16) 






 and therefore must be a constant. Eqn. (4.16) can be 
solved with appropriate boundary conditions for no-slip flow at the sidewalls 
of the nanochannels (Figure 4.5): 
     0)0(,0  XyU                                             (4.18) 
      0)(,  wXywU                                           (4.19) 
 
 
Figure 4.5 Boundary conditions for wicking flow on silicon nanopillars 
surface. 
 
The justifications of the boundary conditions are as follow. For the 
case of zero-viscosity fluid, there is no restriction on the tangential component 
of the velocity, and thus the fluid can slip parallel to the solid surface.
19
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However, for the case of real fluid, the viscosity stress prevents any slipping 
of the fluid relative to the solid surface. This implies that at the solid surface, 
the velocity of the liquid is zero such as indicated in Eqns. (4.18-19). The 
theory of surface tension also supports this boundary condition. Since the solid 
is hydrophilic, the adhesive force (solid-liquid) is stronger than the cohesive 
force (liquid-liquid). Therefore, the liquid molecules in contact with the solid 
are held by the solid molecules, which reduce the velocity of flow to zero.  
 
The non-trivial solution for X(x) is 














                                (4.20) 
where B1 is a constant coefficient. 
 
Similarly, solving Eqn. (4.17) with the no-slip conditions for velocity 
at the bottom plane and the shear-free stress at the top plane 
           0)0(0, YxU                                              (4.21) 
                   0)2(2,  hYhxU                                          (4.22) 
Note that the shear-free stress at the top plane is justified by Bico et 
al.
3
 because the vapor-liquid interface can be considered a free interface with 
no stress. 
 
Y(y) can be found to be 















                             (4.23) 
 
Combining Eqns. (4.20) and (4.22) to obtain
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  (4.24) 
 
Substituting Eqn. (4.24) into Eqn. (4.23), we have 







































     
 (4.25) 
 











and integrate it from x = 0 to x = w and y = 0 to y = 





























































Eqn. (4.26) can be reduced to: 




























B           (4.27) 
 
Note the change of (m+1) and (n+1) to (2m+1) and (2n+1) respectively 
as only odd numbers of (m+1) and (n+1) would give a non-zero term.  
Substituting the expression for B above into Eqn. (4.24), we can express the 
velocity profile as 
 
    (4.28) 
 
   
  














































Averaging U(x,y) over the area of (w× h) to find the mean velocity 
Umean  
        












                                                                             (4.29) 
 
Note that as the value of each term in the summation series E in Eqn. 
(4.29) exponentially decreases as m or n increases, we can approximate Umean 
by considering only the first term (m=0, n=0) of the summation series which 
contributes the most to the value of Umean.  Then, to take into account the value 
added to Umean by the rest of the terms, we multiply a constant C to the 
approximate the value of Umean. Thus, we have 

















                                 (4.30) 
 
To find C, we consider the extreme case where w approaches infinity.  
In this instance, the flow of fluid is equivalent to the flow on a flat plane and 
thus Eqn. (4.30) will be reduced to Poiseuille’s flow over a flat plane which is 










                                            (4.31) 
Equating Eqn. (4.28) when w  ∞ with Eqn. (4. 31): 
 
   

























































to find C = . Substituting this into Eqn. (4.30) we obtain  









                                (4.32) 
Finally, by comparing the mean velocity in Eqn. (4.32) with Eqn. (4.31) 
we arrive at an expression for β as 







                                  (4.33) 
 
 Note that we have carried out a systematic analysis on the effect of the 
contribution of other terms (where m ˃ 1 and n ˃ 1) in Eqn. (4.29) and 
justified our assumption to only consider the first term in the summation series. 





4.4    Results and Discussion 
 
4.4.1 Validation of Wicking Criteria 
 
 
From Chapter 2, we already know that Bico et al.
3
 had established the 











coscos  (see Eqn. (2.8)). In this equation, 
θ is the equilibrium contact angle, Φs and r are the pillars fraction and the 
768
6
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surface roughness, respectively. In the case of nanopillars, they can be 
calculated as  









,                                          (4.34) 









 ,                                           (4.35) 
where structural parameters d, h, s are depicted in Figure 4.2.  
 
A contact angle analysis has been conducted to obtain the equilibrium 
contact angles of water, θwater, and silicone oil, θoil, on a flat silicon surface. 
The images captured from the contact angle goniometer (Figure 4.6) reveal 










     
Figure 4.6 Contact angle of (a) water and (b) silicone oil estimated using a 
contact angle goniometer 
 
 
Based on Eqns. (2.8), (4.34) and (4.35), we have calculated the critical 
contact angles for our samples and the values are listed in Table 4.1. From 
these results, we are able to verify that Bico’s condition for wicking (θc > θ) 
(a) (b) 
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agrees with our experiments. Water and silicone oil were able to wick in all 
the samples except for sample A (for water only) which had a critical angle 
fairly close to the contact angle of water on a flat silicon surface.  
 
Table 4.1 Dimensions of silicon nanopillar samples fabricated by the IL-
MACE method. Crucial parameters such as surface roughness r, pillars 















Pillars A 5 0.28 0.75 0.043 1.90 59.62 
Pillars B 10 0.30 2.00 0.064 2.71 69.28 
Pillars C 20 0.30 4.20 0.064 4.59 78.07 





4.4.2 Wicking Dynamics 
 
 
Next, we study the wetting properties of the silicon nanopillar surfaces 





 For this measurement, a 1 µl droplet of silicone oil was 
dispensed onto the bottom of a freshly prepared sample surface at a very slow 
approaching speed to minimize the impact effect. The snapshots of the whole 
wicking process are visualized in Figure 4.7.  The silicone oil front reaches the 
top of the sample (which is about 8 mm in height and 7 mm in width) in about 
300 sec.  
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The silicone oil on the sample surface was cleansed by dipping the 
sample in acetone and IPA for 1 min and rinsed in DI water. The same 
experiment steps were then carried out to test the wicking of DI water (γ = 
7.28 ×10
-2
 N/m, µ = 8.9×10
-3
 Pas). This time the wicking speed was much 
faster and the water front reached the top of the sample in about 10s. The 
difference in the wicking speed of silicone oil and de-ionized water could be 
accounted for by the large difference in the intrinsic properties (such as 
viscosity and surface tension) of the two liquids (see Eqn. (2.13)).  
 
Figure 4.7 Snapshots of the wicking process of silicone oil on silicon 
nanopillars surface (Sample B). The red dotted line marks the liquid front.  
 
Figure 4.8 shows plots of distance traveled by the wetting front versus 




for all our samples. Note that the viscous 
enhancement factor β can be obtained by measuring the gradient of this plot 
(i.e. the value of D) and substituting the value into Eqn. (2.12). 
 




Figure 4.8 Plot of distance travelled by the wetting front against the square 
root of time for nanopillars with silicone oil (γ = 3.399×10-2 N/m, µ = 
3.94×10
-2




4.4.3  Validation of Theory 
 
 
The calculated (from Eqn. (4.33)) and the experimentally determined 
values of β are plotted in Figure 4.9. As can be seen from this figure, our 
theoretical values for β fit very well with the experimental data over a wide 
spectrum of h/w values. Note also, that the empirical values of β obtained with 
water  and silicone oil are very close, thus proving that β is independent of 
fluid properties, as predicted by Eqn. (4.33). The only exception to this is for 
the data point at h/w = 7.1, where β (water) deviates from β (silicone oil).  This 
difference is likely due to the deformations of the mechanically weak, high 
aspect ratio (≈23) nanopillars caused by capillary forces during the wicking 
process (see Figure 4.1(b) iii).  
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In Figure 4.9, we also show the values for β calculated for our samples 
based on the models proposed by Zhang et al.
20
 and Ishino et al.
4
. We have 







 ) to obtain β. This will give 
                                                                          for h < (d+s)    (4.36) 
         for h > (d+s)    (4.37) 
for Ishino et al.
4’s derivation,  and  
                                                        (4.38) 
for Zhang et al.
20’s derivation.  
 
Figure 4.9 Experimental and calculated values of β. Data points for β (silicone 
oil) and β (water) are obtained with silicone oil and water respectively. 
Calculation based on our method is represented by a solid line. Also shown in 
this figure are the calculated β values of our samples based on the models of 
Zhang et al.
20



























































β (Ishino's model) 
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  It can be observed that Zhang et al.
20’s approximation for β 
underestimates the true value for all h/w, while Ishino et al.
4’s expressions 
overestimate the experimental β at high h/w ( 4) but underestimate it at low 
h/w (< 2). The reason for the deviations can be attributed to the models that 
were considered. For instance, Zhang et al. estimated the flow between the 
pillars to be Poiseuille’s flow between two flat plates (the pillars being the 
plates) and ignored the contribution to the viscous loss by the floor at y = 0. In 
addition, viscous loss was only considered to occur when the flow occurs 
between two pillars. However, the velocity profile when the flow proceeds 
past the channels between adjacent pillars is not expected to be spatially 
constant and thus there should also be shear losses involved in those regions. 
For these reasons, the β values determined from Zhang et al.’s model are 
lower than the experimental values. As for Ishino et al.’s method, when h < 
(d+s) the flow between micropillars is assumed to be similar to the flow over 
a flat plane.  In this case, it is expected that the calculated β values should be 
smaller than the experimental values because the effect of micropillars on 
viscous loss was not considered. For h > (d+s), Ishino et al.
4
 suggested that 
the micropillars could be considered to be infinite and thus the calculated β 
values were anticipated to be larger than the actual values.  
 
To further validate our theory, we calculate the β values for the 
micropillars reported by Ishino et al.
14 
The theoretical predictions by Ishino et 
al. and Zhang et al. are presented alongside our calculated β values and the 
experimentally determined data for comparison purposes. The results are 
plotted in Figure 4.10.  It can be seen that our model fits Ishino et al.’s 
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experimental data very well, and shows a significant improvement over Ishino 
et al.’s theoretical estimation of β values when h is small. Interestingly, our 
theory (Eqn. (4.33)) and Ishino et al.’s model (Eqn. (4.37)) converge when h 
increases. However, this is only coincidental as it can be proven 
mathematically that this is not true for all d and s values. In addition, Ishino et 
al.’s results agree with our conclusion that β is independent of the properties 
of the test fluid. 
 
   
Figure 4.10 Comparison of β values obtained by our methods and others for 
the micropillars experiment presented in Ishino et al.’s paper. Experimental 
and theoretical values are plotted as points and lines respectively. Our model 
is represented by a solid blue line. Five different test liquids (γ = 2×10-2 N/m) 
were used and their respective viscosities are given in the legend. d = 2 μm 
and s = 8 μm remained constant for all experiments. 
 
Our model described in Eqn. (4.33) can also be employed to solve an 
observation previously made by Ishino et al. in which the wicking coefficient 
D becomes increasingly independent of nanopillar height h as h becomes very 
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large. By considering h >> d, s, w in Eqns. (4.1) and (4.33) to (4.35), it can be 
shown that  ~ h and β ~ h2. Therefore, from Eqn. (2.13), D will 
approach a constant value.   
 
This means that in the regime of short pillars, when the pillar height is 
increased, the capillary driving force for wicking is increased more than the 
viscous loss (represented by β) and this will result in a faster wicking velocity. 
This finding also agrees well with McHale et al.
7’s experiment results 
whereby faster spreading dynamics were observed when increasing the pattern 
height. However, as the pillars grow taller, the viscous force is increasing as 
fast as the capillary driving force with increasing height and therefore a 
maximum speed will be reached. In the nanopillars discussed in this chapter, if 
the diameter d = 0.3 µm and spacing s = 0.7 µm remain, D saturates at 0.117 
mm
2
/s for silicone oil when the pillar height h reaches about 5 µm. The 
understanding that wicking velocity cannot be endlessly improved by 
increasing h has important implications for the designing of engineering 
applications based on wicking and is one of the many insights that can be 
derived from this model. 
 
Furthermore, it can be seen from Eqns. (2.13), (4.33-35) that beside h, 
the speed of wicking can be controlled by adjusting other dimensional 
parameters such as the diameter d and spacing s.  For instance, all else being 
equal, higher speed of wicking can be achieved by increasing d. Similar to the 
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increases, cosθc also increases and at certain value of d, the condition for 
wicking (Eqn. (2.8)) is not met and the wicking will not occur. Finding an 
optimized set of value of d, s and h for the maximum wicking speed is not a 
straightforward task because the nonlinearity of the function gives expectation 
of many local maxima. Despite this, a rough estimation, with realistic 
constraints such as s > 0.1 µm, h < 20 µm, d ≤ h, and cosθc < 0.45, reveals that 
the highest wicking speed can be achieved at d = h = 20 µm and s = 11.34 µm. 
This will yield D ≈ 4.41 mm2/s. 
It is also noteworthy to consider the extreme case where the structural 
dimensions are extremely small. Remember that the capillary pressure can be 
roughly estimated by P=γ/h/(cosθ-cosθc)/cosθc. When the pillars height 
reduces to Angstrom range, P is in the range of 10
8 
N/m. While the 
compressibility for water decreases (thus it remains an incompressible fluid), 
the compressibility of silicone oil increases to 13%. As such, the assumption 
of constant density is no longer valid, the continuity equation (Eqn. (4.6)) 
cannot be simplified, and the solving of the Navier-Stokes equation will be 
more challenging. In this regime, besides capillary and viscous forces, we 
need to consider the dispersion force component (i.e. the van de Waals force), 
which will further complicate the calculation. Despite this limitation, our 
theory proved to be valid for a wide range of practical dimensions.  
 
 
 4.5  Summary 
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We presented in this chapter a theoretical study and an experimental 
validation of the wicking dynamics on a regular silicon nanopillars surface. 
The enhancement factor of viscous loss, β, due to the presence of nanopillars 
was investigated and found to depend on the ratio of h/w where w is the width 
of the channel that is used to approximate the wicking. Our expression for β 
was also found to be applicable to published results obtained by other groups. 
 
The success in describing the dynamic of wicking explicitly without 
any empirical parameters means that the wicking property (i.e. speed) of a 
particular material can be adjusted by simply controlling the geometry (i.e. 
height) of the textured surface. All things being equal, the wicking speed 
increases with increasing nanopillars’ height. However this speed will 
eventually reach a maximum value at a certain nanostructures’ height. These 
insights are valuable for design and realization of potential wicking 
applications. 
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Chapter 5 Results and Discussion II 
 
Results and Discussion II : 





5.1 Introduction  
 
From the previous chapter, we have gained some understanding about 
the mechanisms of wicking in silicon hydrophilic surface, and the effects of 
micro-/nano-structures in acting as the driving force of wicking and also 
enhancing the frictional viscous force. Previous efforts to shed light on the 
impedance to wicking flow caused by surface asperities have proven to be 
difficult without the introduction of fitting parameters or separation of the 
flow into discontinuous regimes. We were able to circumvent such difficulties 
in Chapter 4 and provided a more comprehensive analysis of β. However, like 
most other studies,
1-4
 the results were obtained from square arrays of circular 
pillars. Although the nanopillar structure is a good starting point to study 
wicking since the pillars’ symmetrical geometry simplified the analysis, it also 
restricted the amount of further insights that could be gained. For example, 
one of the biggest drawbacks of the β estimation is that the approach does not 
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take into account the role of the structural orientations. For the case of micro-
/nano-pillars, this property can be reasonably ignored since the structures have 
a high degree of isotropicity and one should expect the rate of wicking to 
remain unchanged even if the sample is rotated. The problem arises when the 
structures under test are anisotropic. For example, nanofin (Figure 5.1(b)) is 
an asymmetrical structure where one side is significantly longer than the other. 
Should we expect the rate of wicking to be the same in the directions along 
these two sides of the nanofins? 
 
It is therefore necessary to further study the role of geometrical 
properties. A good approach would be to investigate the dynamics of wicking 
in different directions on a surface decorated with anisotropic micro-/nano-
structures. In literature, there are few publications that study wicking in such 
surfaces. Zhou et al.
5
 for instance, studied the wetting of distilled water on a 
silicon microgrooves surface and found that the liquid mostly spread laterally 
along the direction of the grooves, with very little spreading to the side. This 
was expected because the grooves acted like a canal which constrained fluid 
movement along the direction of the grooves. In another work, Chen et al.
6
 
fabricated some un-conventional structures such as waffles and half-ladder 
structures with different dimensions. However, the study was more like a 
demonstration of design and fabrication method. No further analysis was 
conducted to examine the relationship between surface geometry and wicking 
performance. In a more comprehensive study, Reyssat et al.
7
 conducted a 
thorough analysis on the imbibition of fluid inside a channel with axial 
variations and concluded that there is a deviation from the diffusive law.  




In short, there has not been a systematic study of the geometrical 
effect of asymmetrical micro-/nano-structures on wicking in the literature. To 
fill in this gap, we make use of IL-MACE techniques to produce hexagonal 
arrays of nanofins on a flat P-type (100) silicon substrate.
8,9
 Nanofin structure 
is a perfect candidate for this study because of its asymmetrical geometry. 
Meanwhile, its structural simplicity allows us to effectively examine the effect 





5.2  Experimental Details 
 
 
 The fabrication process for nanofin structures using IL-MACE 
techniques is similar to that of nanopillar structures (see Figure 4.1). The only 
difference in the fabrication step is during the lithography process. Recall 
from Chapter 3 that the Lloyd’s mirror setup allows light from the original 
beam to interfere with the light reflected off the mirror to form a standing 
wave pattern which is then recorded in the photoresist (see Chapter 3.3). For a 
single exposure, this generates a pattern of periodic lines (Figure 5.2(a)) in the 






Different patterns can be achieved by utilizing the multiple exposure 
method. For instance, a second exposure of 90
o
 (tilt the sample by 90
o
 with 
respect to the first exposure) generates a rectangle array of circular photoresist 
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dots on the silicon surface. After developing and etching, the circular 
nanopillar structures were obtained (Figure 5.1(a)), similar to those shown in 
Chapter 4.  
 
Similarly, to produce nanofin structures, a second exposure is required 
with the sample tilted by an acute angle (< 90
o
) with respect to the initial 
exposure (Figure 5.1(b)). This effectively generates an array of parallelogram 
photoresist dots as shown in Figure 5.2(c). Because of the edge effect, after 
developing and etching, the resulting structure takes the shape of a ellipse. 
Note that in this case, the array layout of the nanofins is hexagonal.  
 
 
Figure 5.1 Different patterns can be achieved by utilizing multiple exposure 
method. For instance, a double exposure of 90
o 
(a) will create nanopillar 
structures after further processing (developing and etching). A double 
exposure of less than 90
o 
(b) will create nanofin structures. 
 
 




Figure 5.2 Photoresist (denoted by the black color dots) remaining after (a) a 
single exposure, (b) a double exposure of 90
o
 and (c) a double exposure of less 
than 90
o
. The white areas represent the silicon surface. To study wicking in 
nanofin structures, the sample is tilted so that the nanofins’ major axis stands 
either vertically along the z-axis direction  (z (normal)) like illustrated in (d), 
or horizontally (z (parallel)). Photo in (e) shows a representative sample tilted 
for z (normal) setup. SEM image in (f) shows that the fins’ major axis is 
indeed along the z-axis direction. 
 
It can be seen that if the sample is put upright, the fins are slanted 
(Figure 5.2(c)), which is not ideal for this study. We are more interested in 
investigating the extreme cases, where the fins’ major axis either stands 
upright vertically (z (normal)) or horizontally (z (parallel)). This can be 
achieved by tilting the samples accordingly when carrying out the wicking 
experiments. For instance, the alignment of z (normal) is illustrated in Figure 
5.2(d-e). The SEM image for the corresponding orientation is shown in Figure 
5.2(f). Similarly, to align for z (parallel), the sample is tilted 90
o
 with respect 
to z (normal).  
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A total of eleven samples with varying dimensions were fabricated for 
this study. Figure 5.3 shows the SEM pictures of these nanofin structures. The 
detailed parameters and dimensions of the samples can be found in Table 5.1.  
 
To measure the displacement of the wicking front with time, about 1μl 
of silicone oil was deposited at one end of the sample surface and the entire 
wicking process was recorded at 1000 fps. For every sample, two sets of 
experiment were carried out for wicking in z (normal) and z (parallel) 
direction. After the first set of experiment, the sample was cleaned with 
acetone and DI water. The sample was then blown dry with a heat gun, which 
emitted a stream of hot air at 65
o
C, to ensure that no trace of silicone oil was 
left on the sample surface.  
 




Figure 5.3 SEM pictures of nanofin samples A - K used for this study tilted at 
35
o
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5.3  Experimental Results 
 
A schematic diagram (top-view) and details of the important 
dimensions for eleven nanofin structures are given in Figure 5.4 and Table 5.1, 
respectively. The wicking direction depends on how the nanofin structures are 
aligned and denoted as z (normal) and z (parallel) in Figure 5.4. The light blue 
region represents the flat silicon surface, while the yellow region shows the 
top of the nanofins.  Note that this figure also depicts a dark blue area A 
between the two consecutive nanofins in the same column where the mean 
flow velocity is zero. This area represents the loss of driving pressure due to 
the form drag for the case of wicking in z (normal) direction only. This 
assumption will be explained in detail later.  
 
Table 5.1 Geometrical parameters of nanofins used in this study where h 
refers to the height of the nanofins, and definitions of p, q, m and n can be 
found in Figure 5.4. Important parameters such as the pillar fraction (s) and 
the surface roughness (r) were shown. 
 
 Sample (all dimensions are in µm) 
 
A B C D E F G H I J K 
p 3.00 1.47 0.95 0.74 1.17 0.74 1.12 1.21 1.13 1.00 0.85 
q 0.60 0.69 1.00 0.72 0.92 1.15 1.06 1.08 1.05 0.63 0.63 
m 0.26 0.19 0.19 0.21 0.25 0.16 0.25 0.28 0.27 0.18 0.15 
n 0.67 0.81 0.64 0.55 0.57 0.58 0.71 0.69 0.64 0.31 0.32 
h 2.33 1.91 2.20 1.77 3.29 3.35 3.10 2.10 1.15 2.34 1.85 
r 5.55 3.94 4.12 4.05 6.46 5.34 5.05 3.83 2.63 7.94 6.30 
s 0.24 0.13 0.11 0.14 0.17 0.09 0.13 0.15 0.15 0.22 0.18 
 




Figure 5.4 Schematic diagram (top-view) of the nanofin structures. The area 
of the dark blue region is given by A and the mean velocity of the fluid in this 
area is assumed to be zero when wicking occurs in z (normal) direction. Note 
also that p' << p for all our samples. The dotted line demarcates a unit cell of 
the nanofins. 
 
About 1μl of silicone oil was deposited at one end of the sample 
surface and the entire wicking process was recorded in both z (parallel) and z 
(normal) directions for each sample. The snapshots fof the whole wicking 
process for a representative sample are visualized in Figure 5.5. 
 
Figure 5.5 Snapshots of the wicking process of silicone oil on representative 
silicon nanofins surface. The sample is slightly tilted to examine wicking in z 
(normal) direction. The red dotted line marks the liquid front.   




Figure 5.6 shows typical z vs. t
1/2
 plots for wicking in the z (parallel) 
and z (normal) directions for the same sample. As expected from Bico et al.
1’s 
analysis and previous studies, the plots follow a diffusive response, or in other 
words, exhibit a linear relationship between z and t
1/2
. The linear trend does 
not extend to the origin, however, which is consistent with the results 
presented in previous studies.
1,2
 One of the reasons may be due to the 
influence of droplet spreading during the early stages of wicking. More 
specifically, when the liquid droplet comes in contact with the nanostructured 
surface, the wetting process can be observed to take place in two stages: firstly 
a spreading of the liquid droplet, followed by the wicking process.  The 
purpose of this spreading of liquid might establish an effective contact angle 
on the silicon surface as proposed by Bico et al.
1
  The spherical cap shaped 
droplet becomes flatter and widens its radius over a surface in a very short 
period of time (< 1 sec) before a thin film of liquid appears and seeps ahead of 
the bulk liquid droplet. As a result, the dynamics of the initial stages of the 
wicking process is affected by the inertia of this droplet spreading. The details 
of this initial stage will be investigated in Chapter 6. 
 




Figure 5.6 Representative z vs. t
1/2
 plots obtained experimentally for wicking 
of silicone oil on a single sample surface. Best fit lines were drawn through 
the data points. 
 
 
5.4  Theoretical Model 
 
From Figure 5.6, it is clear that the viscous enhancement factor β, 
which is inversely proportional to the square of the gradient of the z vs. t
1/2
 
graphs, is distinctly different for z (parallel) and z (normal), even when the 
experiments were conducted on the same sample surface. This implies that 
nanoscale geometry and the forces retarding the wicking flow, as caused by 
the nanostructures, are strongly correlated.  
 
These retardation forces essentially consist of firstly, viscous drag, 
which arises due to shear stresses between fluid layers as a result of the “no-
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slip” condition at the fluid-solid interface, and secondly, form drag, which is 
related to the pressure distribution around the solid body. The magnitude of 
form drag experienced by a flow is influenced by how streamlined the solid 
body is.  
 
To establish this correlation theoretically, similar to the case of 
nanopillar structures, we firstly approximate the viscous dissipation associated 
with a unit cell of the nanofin to be roughly the same being caused by an open 
channel of the same height and length (in the direction of the flow) holding the 
same volume of actively flowing fluid. This approximation has been proven to 
work well for micro-/nano-pillars in the previous chapter, giving the 









where w is the width of the channel which can be easily computed by dividing 
the volume of actively flowing fluid in a unit cell of nanofin by the height and 
length of the unit cell.  For the case of nanopillars in Chapter 4, β was 
estimated under the assumption that the pillar structures were streamlined and 
thus the form drag due to the solid body was negligible.   
 
In the case of nanofin structures, to account for the energy lost to form 
drag, we designate a certain volume of fluid in a unit cell of nanofin to be 
stagnant. In other words, this particular volume of fluid, Vform, is assumed to 
have lost all its capillary driving pressure, ΔP, due to form drag and therefore, 
its mean velocity has fallen from Umean to zero while the remaining fluid in the 
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unit cell retains ΔP and continues to flow at Umean. The energy loss per unit cell 
due to form drag caused by a single nanofin, ΔEform, can therefore be written as 
PVE formform       (5.1) 
 
Furthermore, we will assume that ΔEform is only significant if the 
nanostructure possesses flat planes that are normal to the capillary flow 
direction, as such geometry tends to cause the overall structure to be 
considerably non-streamlined. In other words, there is substantial form drag 
for wicking in z (normal) due to the presence of the plane of area ph but there 
is no significant form drag for wicking in z (parallel) because the rounded 
ends of the nanofins of length, p', and width, m, offer no flat normal planes to 
impede capillary flow. This assumption is supported by previous studies 
which indicated that form drag for viscous flows is significantly less 
pronounced in circular pillars
10
 than square pillars.
11
 This also implies that 
Vform can only occupy a space within the area pn when wicking takes place in z 
(normal). Therefore, with reference to Figure 5.4, we have 
Vform = Ah = kpnh ,                                       (5.2) 
where 0 ≤ k ≤ 1. 
 
Starting with the schematic diagram of the nanofins shown in Figure 
5.4, we first note that the length of the rounded ends of the nanofins, p', (due 
to the edge effect described above) which is not necessarily equivalent to m/2, 
is much smaller than p for our samples such that the length of the nanofin can 
be taken as p + p' ≈ p. As a result, we can calculate the solid fraction Φs and 
surface roughness r as 







                       (5.3) 











r            (5.4) 
  
Next, consider wicking in the z (normal) direction. Since the energy 
lost to form drag in a unit cell of nanofin, ΔEform, is equal to knphΔP (Eqns. 
(5.1) and (5.2)), we can obtain the energy loss due to form drag per unit width 













,      (5.5) 







 ,                              (5.6) 
f represents the fraction of fluid that is stagnant, which is also equivalent to the 
fraction of energy lost to form drag. The remaining energy, when averaged 
over the entire fluid volume, dV, then gives the reduced pressure driving the 








 1'               (5.7) 
 
Eqn. (5.7) describes a situation in which all of the fluid volume in a 
unit width of the sample, dV, is flowing with reduced pressure of ΔP' due to 
the form drag. This is different from the previously described situation where 
a reduced volume of fluid, dV – dVform is flowing with the original driving 
pressure, ΔP, which is not reduced by form drag.  
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In Chapter 4, we have shown that for steady-state, incompressible fluid 
in the capillary-dominated regime, flow in a unit cell of nanopillar can be 
approximated by a similar flow in an open channel of the same height and 
length (in the direction of the flow), which holds the same volume of liquid. 
Extending the usage of this approximation to the nanofin structure, the 
velocity of the wicking front in the z (normal) direction can therefore be found 
by considering Umean for a flow in an open channel of height, h, and length, m 
+ n, which contains Vnormal = (1 - s)(p + q)(m + n)h - kph amount of actively 
flowing fluid. Note that the volume of fluid, kpnh, is stagnant due to the form 
drag. The width of the channel, wn, is therefore 
   qpfw sn  11     (5.8) 
 
For the case of wicking in the z (parallel) direction, because there are 
no form drag and no stagnant area, a unit cell of nanofin is modeled as an open 
channel of height, h, and length, p + q, which contains Vparallel = (1 - s)(p + 
q)(m + n)h amount of actively flowing fluid. As a result, the width of the 
channel, wp, is 
wp = (1 - s)(m + n)                                (5.9) 
Following the approach in Chapter 4, the mean velocity of flow, taking 

































    (5.10) 
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normal      (5.11) 
For wicking in z (parallel) direction, there is no form drag as discussed 









parallel           (5.12) 
 
As a preliminary check on the validity of Eqns. (5.11) and (5.12), let us 
consider the effect of varying the nanofin dimensions on β. At one extreme 
case, in the absence of nanostructures (p  0, p’  0, m  0, q  ∞, n  ∞, 
h  0), β (normal) = β (parallel) = 1 and the only obstruction to the capillary 
flow is the viscous dissipation provided by the basal plane which is similar to 
the Poiseuille’s flow as discussed in Chapter 4. At another extreme case, if the 
nanostructures are much larger than the gaps between them (q  0, n  0, p 
 ∞, m  ∞), β (normal) = β (parallel)  ∞ as there is essentially no room 
for wicking to take place. Thus, it can be seen that eqns. (5.11) and (5.12) give 
reasonable predictions even in the limiting cases. 
 
The general expression for β after taking into account both viscous and 























 ,                                  (5.13) 
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where h  is the height of nanostructures, f represents the fraction of fluid that 
is stagnant and wn, wp  represent the channel widths calculated for wicking in z 
(parallel) and z (normal) directions, respectively. All three parameters can be 
calculated in Eqns. (5.6), (5.8) and (5.9).  
 
 
5.5  Discussion 
 
Eqn. (5.13) proves that for wicking in z (parallel) direction, f = 0 
because of the assumption that ΔEform, and therefore, Vform (from Eqn. (5.2)), is 
insignificant. This is due to the rounded ends of the nanofins offering no flat 
normal planes to impede the capillary flow. This applies for circular micro-
/nano-pillars too, with the consequence that Eqn. (5.13) is returned to Eqn. 
(4.33). Thus, it can be seen that the theoretical treatment of β presented here is 
a generalized version that is consistent with the theory presented in our 




 From Eqns. (5.5) and (5.13), it can be seen that other than k (embedded 
in A), all variables can be determined directly by measuring the dimensions of 
the nanofins using SEM pictures. To obtain an empirical value for k and 
investigate how it varies for different samples, we used these two equations 
and experimental values of β (normal), i.e. β for wicking in the z (normal) 
direction, to determine A. Then we plot A against pn to fit k (Figure 5.7).  
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From Figure 5.7, it can be seen that A and pn follow a linear 
relationship. Therefore, k, which corresponds to the gradient of the plot, is 
constant for all samples with an approximate value of 0.912. The physical 
interpretation of this is that 91.2% of the fluid in the area of pn between the 
two consecutive fins has completely lost its driving capillary energy to form 
drag. This is rather unexpected as k is independent of the velocity of flow 
which is known to affect drag.   
 
Figure 5.7 Plot of A vs. pn where A, p and n are structural parameters of the 
nanofin structure and are illustrated in Figure 5.4. The best fit line drawn 
through the data points has a gradient value of 0.912 and passes through the 
origin. 
 









                 (5.14) 
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With Eqn. (5.14), β in Eqn. (5.13) can now be fully predicted based on 
the geometry of the nanofins alone. In Figure 5.8, the computed values of β 
are validated against experimental results and it can be observed that Eqn. 
(5.13) provides excellent predictions for β in both z (normal) and z (parallel) 
directions, indicating that our model accurately reflects the dynamics of 
wicking in the nanostructured surfaces. 
 
Figure 5.8 Experimental values of (1 – f) β vs. h/w where f represents the 
fraction of fluid that is stagnant, β is the drag enhancement factor, h and w are 
the height and width of the nanochannel used to appromixate the flow, 
respectively. Note that f = 0 for wicking in z (parallel) direction. 
 
 
One of the most pertinent insights derived from this result is that the 
capillary driving pressure is not axis or direction dependent but the obstruction 
to the flow (represented by β) caused by the anisotropic nanostructures is. The 
more streamlined a nanostructure geometry is along the direction of flow, the 
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lower the value of β. Quantitatively, this can be seen from Eqn. (5.13), which 
shows that, all else remaining constant, a lower f (due to a smaller p) leads to a 
lower β and consequently, a faster wicking speed. In short, wicking in 
anisotropic nanostructures will always proceed faster in the direction that 
induces a lower form drag. This has important implications for the design of 
nanostructures used to induce uniaxial or even directional wicking. It also 
means that nanostructure geometries involving flat planes normal to a given 
wicking direction are not ideal to maximize the rate of wicking in that 
direction. 
 
 Additionally, other than providing a means of estimating β 
theoretically, Eqn. (5.13) also reveals insights about the wicking process that 
may not be obvious at the first glance. An example is that β (parallel) may not 
always necessarily be smaller than β (normal) even though wicking in z 
(parallel) is only subjected to viscous drag, whereas wicking velocity in z 
(normal) is retarded by both viscous and form drag. To understand this 




 >> 1 for wicking in 
























    (5.15) 
 
The relationship of β (parallel) and β (normal) is therefore dependent 
on the values f, wn and wp, which can be combined in the form shown in Eqn. 
(5.15) to give a value greater than or equal to 1. Plotting the experimental 
values of β (parallel)/ β (normal) against (1-f)(wn/wp)
2
 for samples where h/w 
Chapter 5                                                                    Results and Discussion II 
-112- 
 
> 2 (Figure 5.9), it can be seen in that Eqn. (5.15) is a valid approximation for 
predicting the relative magnitudes of β (parallel) and β (normal). 
 
 
Figure 5.9 Plot of β (parallel)/ β (normal) vs. (1-f)(wn/wp)
2
. β (parallel) > β 
(normal) in the orange region and β (parallel) < β (normal) in the smaller 
green region. No data points were expected to reside in the white regions. 
Only data from samples with h/w > 2 for both z (normal) and z (parallel) were 
used in this plot.  
 
 
5.6  Conclusions 
 
In conclusion, the dependence of wicking dynamics on the geometry of 
nanoscale surface structures was investigated with orderly arrays of 
anisotropic nanofins. It was found that nanostructures dissipate flow energy 
through viscous and form drag. While viscous drag was present for every form 
of nanostructure geometry, form drag was only associated with nanostructure 
geometries that have flat planes normal to the wicking direction. It was also 
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proved that the viscous dissipation for a unit cell of nanofin could be 
effectively approximated with a nanochannel of equivalent height and length 
that contained the same volume of liquid. The energy dissipation by form drag 
per unit cell of nanofin was found to be proportional to the volume of the fluid 
between the flat planes of the nanofins.  
 
Combined together with the insights deduced in Chapter 4, we were 
able to generalize the dependence of β, the drag enhancement factor, on the 
geometrical parameters of the nanostructures. This is important as it provides 
a precise method to adjust β, and therefore wicking velocity, for a given 
direction on a surface by means of nanostructure geometry. 
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Chapter 6 Results and Discussion III 
 
Results and Discussion III: 
Influence of geometry on spreading of liquid 




6.1  Introduction  
 
As mentioned in Chapter 4, it can be seen from the plot of wicking 
distance versus the square root of time that the extrapolation of the curve does 
not pass through the origin (see Figure 4.8). A closer look at the figure reveals 
that the wetting process is separated into two regimes. In the first regime, the 
droplet spreads extremely fast. This lastes for only a few seconds (for silicone 
oil) or milliseconds (for water) after the liquid touched the wetting surface, 
and leads to the steep slope observed. In the second regime, the droplet 
spreading slows down and results in a gentler slope. Similar observations were 
reported in other studies.
1,2
 It has been identified that the latter regime is 
associated with wicking. However, the rapid spreading of the liquid in the 
initial stage shows that there may be different mechanisms operating apart 
from wicking. It is our interest to figure out what are the dominating factors or 
forces in this stage. For ease of fabrication and analysis, we focus the study on 
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the onset of wicking of DI water on nanopillar surfaces at different heights 




6.2  Experimental details 
 
 
The fabrication process of making nanopillar structures using IL-
MACE is the same as described in Chapter 4 and will therefore not be 
repeated in this section. The only difference during the experimental setup is 
that the samples were placed horizontally on a flat surface (Figure 6.1). This is 
because when putting the samples vertically as in previous chapters, the thin 
film penetrates the nanostructures but the liquid bulk retreats back to the 
ground under the influence of gravity after a while. The volume of this portion 
of the liquid is unknown due to the unconventional shape that it assumes. To 
simplify the process and to enable quantitative study of the initial stage of the 
wetting process, we carried out experiments with the samples lying 
horizontally on a flat surface.  
 
In addition, since it is important to know exactly how much liquid was 
dispensed, the samples were placed on a micro balance as shown in the 
experiment setup (Figure 6.1). The micro balance has a resolution of 0.1 mg. 
Since the density of DI water in air is known, it is easy to estimate the volume 
of liquid dispensed.  
 




Figure 6.1 Experimental setup for the spreading experiments of liquid on 
nanostructure surfaces. The samples were put on a horizontal surface. The 
microbalance serves to determine the amount of liquid dispensed. 
 
In this experiment, water (ρ = 1000 kg/m3) was chosen as the testing 
liquid instead of the silicone oil used in previous chapter. This was because 
silicone oil was extremely viscous and we noticed that after dispensing, some 
of the oil remained inside the tip of the pipette which made it very difficult to 
measure the exact volume of liquid dispensed on the surface. Water did not 
suffer from this shortcoming. In fact, when the water droplet was not too 
large, it formed a quasi-sphere shape on the tip of the pipette which made it 




RVdrop  where R is the radius of the droplet).
3
 We found that for water, 
the droplet remained spherical at the tip of the pipette as long as its volume did 
not exceed 5 µl (Figure 6.2). A bigger drop would make its shape deviate from 
a sphere and cause experimental errors. The calculated volume was then 
confirmed with the weight data collected from the micro balance. 






Figure 6.2 Water droplet of 1 µl forms a perfect sphere on the tip of the 
pipette. 
 
One challenge in the setup of this experiment was that the high speed 
camera required a very strong light source to adequately illuminate the sample 
under test. However, this strong light source became a heat source which 
evaporated the water droplet as it spread. The problem was aggravated when 
the water volume was small (about 0.5 µl). It became difficult to obtain 
meaningful data since the water vaporized very quickly. Therefore, we have 
chosen the drop size to be 1 – 2.5 µl in volume (or 0.62 – 0.78 mm in radius). 
The intensity of the light source was also reduced and as a result, the recording 
speed decreased to 250 fps, instead of 1000 fps used in previous chapters.  
 
A total of eight nanopillar samples with varying heights were 
fabricated for this study. Detail dimensions of the samples can be found in 
Pillar Height = 2.64 µm  
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Table 6.1. Again, to measure the displacement of the wicking front with time, 
DI water droplets of various volumes (1 – 2 µl) were deposited at the center of 
the sample using a pipette. The pipette was moved very slowly so that the 
approaching velocity was assumed to be very small and the kinetic energy 
transferred to the droplet could be ignored. Measurements and analysis of the 
captured video were carried out using the embedded software Photron 
FASTCAM Viewer.  
 
Table 6.1 Dimensions of silicon nanopillars fabricated by the IL-MACE 
method. Crucial parameters such as diameter, height, and period of the 
nanopillars are shown. The surface roughness r and solid fraction s were also 
calculated.  
 










Pillar A 0.30 1.24 0.75 0.13 3.08 
Pillar B 0.30 1.66 0.9 0.09 2.96 
Pillar C 0.42 2.64 0.9 0.17 5.28 
Pillar D 0.40 2.66 0.9 0.16 5.13 
Pillar E 0.30 4.05 0.75 0.13 7.79 
Pillar F 0.30 4.18 0.75 0.13 8.00 
Pillar G 0.30 4.76 0.75 0.13 8.98 
Pillar H 0.30 5.39 0.75 0.13 10.03 
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6.3  Shape Matters 
 
When the droplet comes in contact with the solid surface, there are two 
possible scenarios of wetting that have been studied experimentally and 
theoretically.
1
  Firstly, for the partial wetting case (hydrophilic surface), the 
drop forms an equilibrium contact angle with the solid substrate. Secondly, for 
the total wetting (super-hydrophilic) case, the liquid will completely cover the 
substrate in order to reduce the total surface energy. However, the liquid will 
not be flattened out but was seen to be composed of a liquid bulk and the 
precursor thin film expanding ahead of the bulk (Figure 6.3). 
 
Figure 6.3 Illustration of the liquid bulk and  the thin film spreading on a 
silicon nanopillar surface. 
 
To model the spreading process, it is necessary to determine the 
precise volume of the droplet. Therefore, the exact shape of the droplet on the 
surface has to be identified. When the liquid touches the solid surface, it is 
assumed that the liquid bulk maintains an approximate shape, such as a 
spherical cap. This assumption is generally accepted if the radius of the 
droplet R is much smaller than the capillary length.
1,4
 For DI water, the 
capillary length is about 2.7 mm, which is much larger than the liquid bulk 
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radius of about 0.7 mm in our experiment (Figure 6.2). Hence, we can safely 
assume that the liquid bulk will take the shape of a spherical cap. For droplet 








Figure 6.4 (a) A 1µl water droplet on a flat silicon surface resulted in a 
spherical cap shape; and (b) Schematic diagram of a spherical cap with 
dimensional parameters. R is the radius of the spherical cap. H is the height of 
the droplet. Dbulk and Dfilm is the spreading diameter of the liquid bulk and the 
thin film, respectively. ym denotes the center of gravity for the droplet. And θ 
is the contact angle. 
 




For the ideal case where the liquid droplet is resting on a horizontal 
plane, the droplet takes the shape of a spherical cap where the base contour is 
circular and the contact angle is constant around the base. The volume of the 




















V ,                              (6.1) 
where Dbulk is the spreading diameter of the liquid bulk and θ is the contact 
angle (Figure 6.4(b)).  
Although the contact angle θ cannot be measured directly, it can be 
estimated by applying the conservation of mass equation filmcapdrop VVV   
where Vdrop is the total volume of the droplet, Vcap can be calculated by Eqn. 
(6.1) and Vfilm represents the amount of liquid contained inside the 










                                     (6.2) 
where s and h are the fraction of area of the pillars and the pillar height, 
respectively.  
 
The surface area of the spherical cap (which excludes the surface area 




) is given as  
RHScap 2                                                 (6.3) 
where R and H are the radius of the spherical cap and height of the 
droplet, respectively  (see Figure 6.4(b)). 




Since the contact angle is constant around the base, we can express R 
and H as 
sin2
bulkDR                                                 (6.4) 





H                                   (6.5) 
 











S                                            (6.6) 
 
In addition, the distance between the center of gravity of a spherical 








 ,                                      (6.7) 
where R and H are the radius and height of the spherical cap, respectively (see 
Figure 6.4(b)). This expression will be used in section 6.4.1.2.  Note that the 
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6. 4  Results and Discussion 
From the high speed camera recorded images, data for spreading of the 
liquid bulk and thin film were extracted. The liquid bulk could be seen to take 
the shape of a spherical cap whereas the thin film could be identified by the 




Figure 6.6 The separation of liquid bulk and thin film spreadings as seen at t > 
tc. 
 
The spreading distances of the liquid bulk and the thin film were 
measured as a function of time.  The spreading distances were plotted against 








Figure 6.7 Spreading distances of the liquid bulk and the thin film versus the 
square root of time. The spreading and wicking regimes are clearly shown. 
The spreading diameter Dc and the cross over time tc were identified. 
 
In this figure, the separation of the two regimes of wetting is clearly 
shown.  Specifically, there is a cross-over time, tc, when a sharp transition in 
the dynamics of spreading occurs.  It is noticeable that at t < tc, the liquid 
spreads out rapidly and reaches a cross-over diameter Dc. In this instance, 
there is very little difference between the liquid bulk and the thin film 
spreading diameter (Dbulk ≈ Dfilm = Dc). After tc, the liquid bulk almost stops 
spreading, hence the flat line.  However, the thin film diameter continues to 
extend, though at a slower speed. The fact that both the bulk and the thin film 
spreading have the same cross-over time tc suggests that the physical 
mechanism for the initial stage is the same. 




 Similar to our finding, there are a few studies in the literature that 
reported a sharp change in dynamics of wetting.
1,4
 The second regime which 
occurs at a later stage was governed by wicking where the capillary and 
viscous forces control the dynamics. This has been discussed in great detail in 
the previous chapters.  
 
In this chapter, we only focus on the first regime where the spreading 
of liquid bulk and thin film is extremely rapid (t < tc). The fundamental 
question here is what determines the cross-over time tc and cross-over 
diameter Dc. To answer this question, we investigate different aspects that 
affect the liquid spreading such as the roles of geometries and gravity. To 
study the effect of the former, we conducted experiments on several silicon 
nanopillar samples of the same dimensions (diameter and period) but different 
heights. To look at the effect of gravity, we tested the wetting of the same 




6.4.1  Effect of Geometry 
In this experiment, we looked at how geometry or surface roughness 
affects spreading. For our samples, the roughness was varied via the nanopillar 
heights ranging from 1.24 – 5.39 µm as shown in Table 6.1. Since other 
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parameters (such as diameter and period) of the nanopillars were similar, the 
ratio of the roughness was the same as the ratio of heights of the nanopillars. 
 
6.4.1.1 Difference in Spreading Diameters and Contact Angles 
The spreading distance of the liquid bulk versus time for samples with 
different pillar heights is plotted in Figure 6.8.  
Figure 6.8 Time evolution of the liquid bulk’s spreading distance for 
nanopillar samples of different pillar heights. The liquid volume is 1 µl for all 
cases. 
 
This figure shows that upon coming in contact with the solid surface, 
the liquid bulk spreads out rapidly until it reaches a cross-over diameter Dc and 
then slows down significantly. Note that the values of Dc vary between 
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 suggested that surface roughness enhances spreading in  
the case of complete wetting. In other words, for a hydrophilic surface with 
higher roughness level, the wettability or spreading property is magnified. 
This theory has been corroborated by other studies.
7,8
 In our case, it means that 
for a fixed time, the spreading diameter is wider for taller pillar samples. This 
is in contrast to our results shown in Figure 6.8 in that, at tc, the shorter pillar 
sample actually has a larger spreading distance compared to the taller pillar 
sample (Figure 6.8). For instance, the samples with 2.64 µm and 5.39 µm  
nanopillars  have spreading diameters of 3.67 and 2.64 mm, respectively. This 
means that the tall pillar surface provides more resistance and impedes the 
spreading of the liquid bulk. Repeated experiments show the same trend and 
thus, external factors such as impact velocity are deemed to be negligible. 
Note that this trend does not apply to the second regime where we found that 
the wicking speed for taller pillar samples is faster than short pillar samples. 
The explanation for this characteristic in the second regime was already given 
in Chapter 4. 
One can argue that this behavior is expected because the taller pillar 
samples have more space between the pillars for the liquid to fill up. Since the 
total volume of liquid dispensed on the surface is the same, the liquid inside 
the bulk is smaller for tall pillar samples and thus, will take up less space. In 
other words, the spreading diameter Dc is smaller for tall pillar samples. To 
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validate this argument, we have calculated the volume of liquid in between 
pillars Vfilm at tc as a percentage of the original volume for comparison.  
 
Note that at tc, the difference between the precursor thin film and the 
liquid bulk diameter was negligible (i.e. Dbulk ≈ Dfilm ≈ Dc). We express the 
percentage of liquid contained in the pillars as a function of total liquid 
dispensed by dividing Vfilm calculated in Eqn. (6.2) by the total volume of the 
droplet Vdrop  and the  results are  shown in Table 6.2. As can be seen from this 
table, the contribution of Vfilm is only about 2 – 3 % of the total droplet 
volume. This negligible difference in Vfilm cannot justify the large difference in 
Dc for tall and short pillar samples.  
 
Table 6.2 The volumes of the liquid contained in the pillars Vfilm are 
calculated as a percentage of the original droplet volume Vdrop  for different 





tc (s) Dc (mm) 







2.64 0.008 3.6708 2.83% 
11.73 
Pillar F 
4.18 0.012 3.2219 2.81% 
28.39 
Pillar H 
5.39 0.012 2.6406 3.25% 
32.30 
 
Another interpretation can be deduced from Table 6.2. Since the total 
droplet volume on different samples is the same and the amount of liquid 
between the pillars is approximately the same, the liquid bulk must have 
roughly the same volume of liquid. Using Eqns. (6.1) and (6.2), we concluded 
that the wider spreading liquid bulk must have a smaller contact angle as 
shown schematically in Figure 6.9.  




Figure 6.9 Illustration of different contact angles at cross-over time for (a) a 
tall pillar sample and (b) a short pillar sample. It can be seen that θtall > θshort. 
 
 
6.4.1.2  Energy Dissipation per Unit Area 
 
From the energy point of view, spreading is preferable if the total 
energy of the system is reduced.
2
 Let us consider two systems: one just before 
the droplet touches the surface (Figure 6.10(a)) and the other at tc (Figure 
6.10(b)).  
 
Figure 6.10 Illustration of two energy states: (a) before the droplet touches the 
solid surface and (b) at tc. 
 
Considering the two systems in Figure 6.10, there is a continuous 
transformation and exchange of potential and interfacial energies. The system 
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depicted in Figure 6.10(a) possesses potential energy originating from the 
gravitational effect, and interfacial energies originating from the surface 
tensions at the liquid - vapor and solid – vapor interfaces. The system depicted 
in Figure 6.10(b) possesses a lower potential energy, a higher liquid - solid 
interfacial energy and a reduction of solid - vapor interfacial energy compared 
to the system in Figure 6.10(a). This is because the center of mass of the liquid 
bulk is lowered, while the solid - vapor interface is replaced by the solid-liquid 
interface. 
The expressions for various energy components of the two systems are 
identified and listed in Table 6.3. Note that the interfacial energy is calculated 
as E = γA, where γ is the surface tension between the two interfaces (either 
liquid - vapor, liquid - solid or solid - vapor interface), and A is the surface 




Table 6.3 Identification of energy components prior to droplet touches the 
solid surface and at cross-over time tc.  
 
 Before dispense At  tc 
Potential Energy 
opot mgRE   ))(( hRymgE mpot   
Liquid-Vapor 
Surface Energy LAoLV
















   
 
                                                 
d
 The surface area of the spherical cap is described in Eqn. (6.3) 
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Summing up the components of the two columns in Table 6.3, the total 
energy of the system right before the droplet was dispensed is 
totalSVLVoobefore ARmgRE  
2
4                         (6.8) 














     (6.9) 








 ,                          
where θ is the equilibrium contact angle of water on a flat silicon surface and 
was measured using a contact angle goniometer to be θ = 56o. γLV was found in 
the datasheet to be γLV = 0.073 N/m.  












       (6.10) 
The conservation of energy dictates that 
 
afterbefore EE   







DHHRymgRmgR    (6.11) 
   The values for energies before liquid dispensing (the left hand side of 
Eqn. (6.11)) and at tc (the right hand side of Eqn. (6.11)) were calculated and 
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summarized in Table 6.4. As shown in this table, the contribution from 
potential energy is much smaller (of about two orders of magnitude) compared 
to the contribution from interfacial energies. This reveals that the gravitational 
force is weaker than the surface tension forces and the latter is the dominant 
driving force at this stage of spreading.  
Also it can be seen that for all samples, the energies at the two states 
are not equal Ebefore ≠ Eafter. The difference between them, which represents an 
energy loss in the system, is shown in the last column of the table.  
For a closed system, the first law of thermodynamics states that  
WQE  ,                                               (6.12) 
where ΔE, Q, W are the change of internal energy, the heat added to the 
system and the work done by the system, respectively. In this case, it is 
assumed that there is no change in the temperature of the liquid droplet or the 
silicon surface, i.e. Q = 0. Therefore, the energy loss observed is due to the 
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Table 6.4 Energy components of the system before dispensing and at cross-
over time. Here h stands for the nanopillar height. Epot is the potential energy, 
ELV, ESL, ESV are the interfacial energy of liquid - vapor, solid-liquid and solid-
vapor interfaces, respectively. 
 


















Before After  Before After 
 
Before After 
Flat surface 0 0.062 0.023 3.52 3.87 0 -1.68 1.38 
Pillar A 1.24 0.055 0.008 3.31 5.47 0 -9.27 7.17 
Pillar C 2.64 0.062 0.006 3.53 8.09 0 -24.8 21.6 
Pillar D 2.66 0.062 0.007 3.51 6.99 0 -20.0 14.5 
Pillar F 4.18 0.067 0.001 3.66 4.93 0 -21.1 19.9 
Pillar G 4.76 0.062 0.0009 3.51 5.20 0 -25.3 23.6 
Pillar H 5.39 0.062 0.001 3.52 4.66 0 -24.9 23.9 
 
In our case, one factor to dissipate the energy is the skin friction due to 
the contact between the liquid and the solid surface. Because skin friction is 
proportional to the surface area, the energy loss varies for samples with 
different nanopillar heights and wetting diameters. Let us normalize the 
energy loss to the wetted solid surface area to obtain the average energy 
dissipation per unit area, and plot it against the pillar heights in Figure 6.11. 




Figure 6.11 Total energy dissipation per unit area for different pillar heights. 
 
From this plot, it is notable that the energy loss per unit area α is 
consistent for samples with varying nanopillar heights. Interestingly, despite 
that the values of α seem very close, there appears to be two ranges of values 
for short and tall pillars. For short pillar samples (h = 0 - 2.7 µm), αshort ≈ 0.03 
J/m
2
. For tall pillar samples (h = 4.0 – 5.4 µm), α is slightly larger αlong ≈ 
0.038 J/m
2
. One possible reason for this difference is that the liquid - vapor 
surface energy may have been overestimated in the case of short pillars. When 
the bulk diameter increases, its shape deviates from a spherical cap
1
 as can be 
seen in Figure 6.12 and gives rise to the surface area overestimation.  




Figure 6.12 Comparison of the spherical cap shape (represented by the solid 
line) and the real drop shape when spreading diameter is large. Picture taken 




Similar to our findings, Carlson et al.
10,11
 suggested that the energy 
loss is caused by the contact line friction. The contact line is defined as the 
intersection of the droplet’s liquid – vapor interface and the solid substrate. 
Carlson et al.
10,11
 also came up with a non-hydrodynamic parameter called the 
contact line friction factor µf to describe this energy loss. According to this 
study, µf is an intrinsic property of the combination of solid and liquid 
materials, and is independent of drop sizes. 
At this point, we do not have a good explanation for the seemingly 
constant α value. But as  suggested by Carlson,10 this energy loss per unit area 
can be considered as the intrinsic property of the combination of the solid 
material and the wetting liquid, and is independent of other factors such as the 
drop sizes. To prove whether this is a valid theory, we look at the spreading 
distance of different drop sizes in the next section. If this is indeed an intrinsic 
property, the energy loss per unit area α should not be dependent on the drop 
sizes and should remain the same.  
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6.4.2  Effect of Drop Size 
In this experiment, different drop volume sizes are dispensed on the 
sample and the diameter of the thin film is recorded as a function of time 
(Figure 6.13). 
      
 
(a)      





Figure 6.13 Spreading distance of the thin film diameter versus time for 
different drop volumes of (a) Sample F (height of 4.18 µm) and (b) Sample H 
(height of 5.39 µm). 





From these plots, the effect of drop size is evident: at tc, the spreading 
diameter of the large drop is larger than the small drop. This can be explained 
by the conservation of mass: since the bigger drop has a larger volume, it is 
expected to cover more surface area.  
 
Figure 6.13 also shows that in the second regime of wetting, the time 
evolution of spreading diameter for different drop sizes has the same gradient. 
In other words, the spreading speed is the same for a specific sample and 
liquid. This agrees with our theory of wicking presented in Chapters 4 and 5 in 
which the wicking speed only depends on the geometrical dimensions and the 
properties of the liquid. Now, let us examine the energy dissipation per unit 
area for different drop sizes at the cross-over time tc. The results are shown in 
Table 6.5.  
 


















Pillars A 1.24 
0.91 7.17 0.031 
1.39 11.5 0.028 
Pillars F 4.18 
1.06 19.9 0.038 
2.31 61.3 0.036 
Pillars H 5.39 
1.00 23.9 0.039 
1.70 49.9 0.038 
 
 As can be seen from Table 6.5, the energy dissipation per unit area α is 
consistent with previous observations. For short pillars, αshort ≈ 0.033 J/m
2
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while for long pillars, αlong ≈ 0.038 J/m
2
 and α indeed does not depend on the 
drop size. This supports our theory that the energy dissipation per unit area is 




6.4.3  Further comments on tc and Dc 
 
It is interesting to find out how the cross-over time varies across 
samples at different heights. Figure 6.14 summarizes the value of tc collected 
for all samples with various drop sizes.  
 
 
Figure 6.14 Plot of cross-over time versus nanopillar heights for various drop 
sizes. The red line represents the average value of 10 milliseconds. 
 




From this plot, we can see that the cross-over time is rather consistent 
(tc ≈ 10 milliseconds) and does not depend on the geometry of the 
nanostructures or the drop size. This value is very close to the cross-over time 
values observed by Eddi et al.
4
 (tc ≈ 1 - 10 milliseconds) for liquids of varying 
viscosities, with a higher tc value corresponding to liquid with higher viscosity. 
The result  also agreed with that of   Bird et al.
12
  in that the millimeter-sized 
water droplet wets an area having the same diameter as the drop within a 
millisecond. 
 
According to Courbin et al.
13
, the duration of the first regime of 
spreading increases with the size of the drop. However, in our experiment, it is 
difficult to support this theory. In fact, Figure 6.15 shows that the duration of 
the initial stage of spreading does not depend on geometry or drop size. 
Nevertheless, the study by Courbin et al.
13
 only explains the behavior of 
wetting before the complete drop touches the surface (for time less than 1.5 
milliseconds) and is therefore not applicable to our work (where we are 
looking at a slightly later period for time later than 4 milliseconds). However, 
the presented results in this section are not free of shortcomings, one of which 
arises from the volatile liquid used in the experiment. The high volatility of 
deionized water requires a slow capturing speed which resulted in the large 
time uncertainty. Given the frame rate of 250 fps, the uncertainty in the time 
step is 4 milliseconds for each run. 
 
With the findings from the previous sections, we are able to predict the 
spreading diameter Dc based on the theory of conservation of mass and energy.  



























 as can be seen from Figure 6.4(b). 
 


















                             (6.14) 
Secondly, incorporating the energy loss factor, the equation for the 















Note that the last element on the right hand side of the equation stands 
for the loss of energy caused by skin friction.  
 














All parameters in Eqn. (6.16) such as m, Ro, γLA, r, cosθo, α and ym are 
known or can be calculated. Substituting R from Eqn. (6.14) into Eqn. (6.16), 
we arrive at a non-linear equation where H is the only unknown variable. 
Chapter 6                                                                    Results and Discussion III 
-143- 
 
There is unfortunately no elegant mathematical expression for H. The value of 
H can instead be fitted using optimizers such as Excel’s Solver feature. Once 
the value for H is found, R and Dc can be calculated. The theoretical values for 
Dc were plotted against the experimental values in Figure 6.15. As can be seen 





Figure 6.15 Theory and experimental spreading diameter at cross-over time 
for nanopillars samples of different heights. 
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6.5  Conclusions 
 
 In this chapter, we have investigated the initial stage of spreading of 
water on silicon nanopillar surfaces and its dependence on geometry and drop 
size. We postulate that during this initial stage of wetting, the gravity effect is 
minimal and the driving forces for the spreading are the surface tensions. We 
found that there is a cross-over time tc when there is a change-over in 
dynamics of spreading. Before tc, the liquid spreads rapidly until it reaches a 
certain cross-over spreading diameter Dc. After tc, the wetting process slows 
down significantly and is dominated by the physics of wicking. We found that 
tc is independent of drop sizes as well as geometry. 
 
  We also found that the skin friction during the initial spreading process 
was significant. The values of energy dissipation per unit area, α, were 
determined to be 0.033 J/m
2
 and 0.038 J/m
2 
for short and long pillars, 
respectively. With this finding, the value of Dc could be predicted based on the 
conservation of energy and mass theories. We believe that α is solely 
dependent on the combination of solid and liquid materials. Further study with 
different wetting liquids can be conducted to validate this theory.   
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7.1  Summary 
 
The wicking of fluids on textured surfaces is an interesting research 
topic for many decades. However, there has neither been a systematic study on 
the effect of nanostructured surfaces, nor a theory that could fully describe the 
dynamics of wicking without the use of fitting parameters. This thesis aimed 
to fill in this void by investigating the wicking phenomenon both theoretically 
and experimentally. The dependence of the wicking dynamics on the 
geometrical variables was thoroughly studied and quantified. The presented 
work in this study is successful in establishing mathematical expressions that 
are capable of predicting the wicking process without use of extensive 
empirical values. This means that the wicking characteristic of a particular 
material can be controlled by adjusting the geometry properties (i.e. sizes and 
height) of the nanostructures.  
 
At first, this thesis focused on the uniform and isotropic silicon 
nanostructured surfaces. Nanopillar structures fabricated by the IL-MACE 
method were chosen for this study because of the ease of fabrication, and to 
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the best of the author’s knowledge, there has not been a quantitative study of 
wicking in the nanometer scale. In addition, the size and height of the 
nanopillar could be controlled easily by the fabrication techniques which 
proved to be useful in the studying of the surface geometry effect. By 
approximating a primitive cell of the nanopillar array to that of a nanochannel, 
the Navier-Stokes equations for fluid dynamics were simplified. With 
appropriate boundary conditions, the set of complicated differential equations 
were solved. The enhancement factor of viscous loss, β, due to the presence of 







  where h is the nanopillar height and 
w is the width of the approximating nanochannel. Excellent fit between 
theoretical and experimental results was achieved for our samples. Our 
expression for β was also found to be applicable to reported results by other 
research groups. However it was discovered when the height of the structures 
increases, the increase in the frictional force is faster than the increase in the 
driving force. For this reason, the wicking speed will saturate at a certain 
structures’ height.  
 
Secondly, the dependence of wicking dynamics on the geometry of 
nanoscale surface structures was further investigated with orderly arrays of 
anisotropic nanofins. It was found that nanostructures dissipate flow energy 
through viscous and form drag. While the former is present for every form of 
nanostructure geometry, the latter is only associated with nanostructure 
geometries that have flat planes normal to the wicking direction. The energy 
dissipation by form drag per unit cell of nanofin is proportional to the volume 
of the fluid between the flat planes of the nanofins in the direction of wicking. 
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With these findings, the dependence of β on the geometrical parameters of the 
nanostructures was established. The mathematical expressions of β for 






















 where h  
is the height of nanostructures, f is the fraction of stagnant fluid between the 
flat planes of the nanofins, and wn, wp represent the channel width calculated 
for wicking in z (normal) and z (parallel) directions, respectively.  
 
Finally, the initial stage of wetting before wicking occurs was studied. 
During this stage, the gravity effect is minimal and the driving forces for the 
spreading are the surface tensions originating from the interfacial forces where 
the solid, liquid and vapor phase intersect. There is a cross-over time tc when 
there is an abrupt change in the dynamics of wetting. Before tc, the liquid drop 
spreads rapidly until it reaches a certain cross-over diameter Dc. After tc, the 
wetting process slows down significantly and is dominated by the physics of 
wicking. tc is found to be independent of drop sizes as well as geometry. It is 
noted that the skin friction during the initial spreading process is significant. 
The values of energy dissipation per unit area α ranged between  0.033 to 
0.038 J/m
2 
for short and long pillars, respectively. With this finding, the value 
of Dc can be predicted based on the conservation of energy and mass theories. 
We suggest  that the value of α is solely dependent on the combination of the 
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7.2  Future Works 
 
In the last part of the study we postulated that the value of the energy 
dissipation per unit area α is solely dependent on the combination of solid and 
liquid materials. To validate this theory, experiment with different wetting 
liquid and substrate materials can be carried out.  Additionally, due to the 
limitations in experimental apparatus, the wetting experiments were only 
recorded at a fairly slow capture speed which gave rise to the experimental 
error. For a more accurate result, it is suggested to use a less volatile liquid to 
avoid evaporation during wetting.  
 
It was calculated and confirmed that the range of drop sizes selected 
for this thesis’s experiments does not affect the initial stage of wetting. To 
obtain a more conclusive result, the drop sizes can be increased further to the 
range that is comparable to or larger than the capillary length. However in this 
case, the shape of the droplet deforms from a sphere and makes it more 
difficult to estimate the interfacial energies.  
 
Lastly, we believe that the insights presented in this thesis are 
important and useful for the creation of future devices based on wicking. All 
in all, wetting phenomenon, and wicking in particular, is truly an exciting 
playground where physics, chemistry, biology and engineering intersect.  
 





To demonstrate the relative contribution to Umean by each term in the 
summation series, we plotted E vs. m when n = 0 (Figure A1(a)) and E vs. n 
when m = 0 (Figure A1.b). Typical experimental parameters w = 1 μm and h = 
2 μm were used to compute E. As observed from Figure A1, the value of E 
falls rapidly with increasing m or n. The second term (m = 1 or n = 1) is 
already an order of magnitude below the first term (m = 0, n = 0) and the rest 





 and thus 4h
2
 mediates the increase of (2n+1)
2
 in the denominator of E, 
which would have otherwise cause a much more rapid decrease of E with 
increasing n. It is not necessary to consider the rest of the cases such as the 
variation of E with n when m = 1, 2, 3…as the largest term of these series 
(when n = 0) is already shown in Figure A1(a) to be negligible compared to 
the case of m = 0 and n = 0. For these reasons, we approximate the expression 
for E to the first term of the summation series (m = 0, n = 0), which 
contributes the greatest to the value of E in Eqn. (4.29). 
 




Figure A1 Plot of E versus (a) m when n = 0 and (b) n when m = 0. Width (w) 










The proof for ym is given as follow. Due to the symmetrical property of 
the spherical cap, the center of gravity must lie on the y-axis as shown in 
Figure 6.4(b). To determine the center of gravity, let us imagine that the 
spherical cap consists of many small slices, each of which has a thickness of 
dy and a mass of m. The center of gravity ym is the average position of the 
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